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Abstract 
Polyhydroxyalkanoates (PHAs) are biopolymers synthesised and accumulated by most 
bacteria for carbon and energy storage. They have properties and applications comparable to 
petrochemical thermoplastics. Although PHAs are produced at high yields using pure 
biological cultures, the use of mixed cultures can significantly reduce the production costs 
and make use of waste streams to produce environmentally sustainable materials. In order to 
produce mixed culture PHAs of relevance for broader industry applications it is necessary to 
develop the ability to tailor polymers with diversified mechanical properties through 
understanding and controlling the monomer composition and compositional distribution. 
Diverse and complex PHA polymer structures have been achieved in mixed microbial 
cultures using time-based feeding strategies. However, PHA monomer composition and 
compositional distribution in PHA random and blocky copolymers are sensitive to substrate 
feeding history, making more complex the prediction of final PHA content and composition. 
In this sense, a better understanding of the changing cell physiologies that develop in 
response to different feeding strategies and substrates is necessary to design optimised 
feeding strategies and process control algorithms for PHA production. 
This thesis presents for the first time a comprehensive flux characterisation of monomer 
development during mixed culture PHA accumulation concurrent with biomass growth using 
Metabolic Flux Analysis (MFA). A dynamic trend in active biomass growth and in polymer 
composition was observed and was consistent over replicate accumulations. Monomer (3-
hydroxybutyrate and 3-hydroxyvalerate) incorporation into poly(3-hydroxybutyate-co-3-
hydroxyvalerate) copolymers in a pilot scale production system was evaluated based on 
published models that describe polymer production during PHA accumulation. However, it 
was found that these existing models could not describe the fluctuations in the proportion of 
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3HV monomer units that were observed through some of the PHA accumulations in this 
work. 
Most models of PHA accumulation in mixed cultures use condensed reactions for active 
biomass formation, neglecting the associated pathways for generation of reducing equivalents 
which control the concentration of available precursors for cell growth and monomer 
development. In this sense, a new model describing biomass growth concurrent with PHA 
accumulation, sufficiently detailed to consider 3HB and 3HV production as a function of 
metabolic state, was proposed. The metabolic network developed was decomposed by 
Elementary Flux Analysis (EMA), providing insights into the activities of pathways for 
simultaneous PHA storage and active biomass synthesis.  
Another factor impacting PHA composition in mixed cultures is the possible fluctuation in 
microbial population. This fluctuation was characterised in the same series of accumulations 
as was used for the metabolic modelling, through the use of 16S rRNA gene amplicon 
pyrosequencing. The PHA accumulation capacity of the community was found to be robust to 
population flux during enrichment and even PHA accumulation. This community adaptation 
suggests that mixed culture PHA production is a robust process. 
Diverse final polymer compositions and microstructures were achieved with the different 
feeding compositions and strategies used. Determination of chemical and thermal properties 
of the as-produced polymers confirmed that the product was a mixture of copolymers. 
Additionally, thermal degradation of mixed culture PHAs during melt processing was 
assessed by Near-Infrared (NIR) spectroscopy coupled to Multivariate Data Analysis. It was 
shown that, with correct pretreatment, a copolymeric product that was much more stable to 
extrusion processing than commercially available PHA was produced.  
Overall, this thesis explores both the fundamental and applied aspects of PHA production by 
mixed microbial cultures with concurrent active biomass growth. The use of computational 
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tools to explore and help understand the underlying metabolic processes was explored. 
Polymer composition seems to follow a very complex regulation processes which can be 
described through the incorporation of more detailed reactions in current metabolic models. 
Furthermore, this thesis gives further insight into the fundamental properties of the materials 
produced and an assessment of their potential for degradation during processing. 
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 Introduction 1
 Background 1.1
Polymers are very versatile materials that have become an important part of our daily life. 
Global plastic demand is increasing - worldwide, plastic production rose to 280 million 
tonnes in 2011 and is forecast to increase by 4% annually until 2016 (PlasticsEurope 2012). 
However, the polymers that comprise the bulk of these plastics are derived from non-
renewable resources and will persist for decades or longer in the environment. In recent 
years, the problems associated with plastics in the environment, solid waste management, and 
the dependence on petroleum-based plastics have created great interest in the development of 
bioderived and biodegradable polymers (Rivas and Bassas Galià 2010). 
The development of low-cost bioplastics with industrially relevant properties and reduced 
environmental impacts is critical for a sustainable polymer industry. Bioplastics are now 
being called upon to replace the petroleum-based plastics due to their lower dependence on 
fossil fuels and reduced environmental impact (Gurieff and Lant 2007). 
The definition of biopolymer is very broad depending on the source; it can include materials 
that are produced from renewable substrates and are biodegradable as well as polymers that 
come from renewable materials but are not biodegradable. Polyhydroxyalkanotes (PHAs) 
belong to the class of biopolymer that is both bioderived and biodegradable. They are 
naturally synthesised by bacteria (Lee 1996) and represent a good alternative for reducing the 
environmental impact of plastic waste, particularly since they are both soil and marine 
biodegradable. Nevertheless, their industrial application is currently limited due to the high 
production cost that is associated with their pure culture bioproduction. 
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A convenient alternative for production of PHAs at lower cost is mixed culture technology. 
Mixed culture technology offers the opportunity to obtain diverse composition and complex 
microstructures (Ivanova et al. 2009) given that mixed cultures possess genetic diversity and 
therefore diverse metabolic pathways. However, the physical properties of mixed culture 
PHAs are not simply a function of monomer composition and distribution; properties are 
sometimes not predictable due to the complex interactions of different polymer blend 
components of the as-produced PHA (Arcos-Hernández et al. 2013). In our group it has been 
possible to obtain probable block polymers with enhanced mechanical properties; however 
regular reproducible production has not yet been achieved (Arcos-Hernandez 2012). To 
effectively manipulate the mixed culture PHA mechanical properties, it is necessary to fully 
understand the PHA accumulation mechanisms. 
While PHA with elevated 3-hydroxyvalerate (3HV) content is desirable, since these high-HV 
copolymers are tougher and more flexible, the intracellular development of poly(3-
hydroxybutyate-co-3-hydroxyvalerate) (PHBV) materials is poorly understood. There is a 
lack of systematic analysis of the metabolic processes associated with the accumulation of 
PHBV in mixed cultures using different feeding strategies and mixed substrates, especially 
when cellular growth and storage are concurrent processes. 
In this sense a metabolic model which represents a wide range of metabolic processes is 
needed. Developing the model brings with it the prospect of advancing an understanding of 
PHA biosynthesis, as well as contributing to the development of more mechanistic dynamic 
models, and the design of improved control strategies. 
Also, polymer properties are not as intrinsic as the properties of simple chemicals; they are 
not exclusively controlled by the polymerisation, but also by post-polymerisation conditions 
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(Tirrell 1995). For improved polymer production, the development of PHA production 
processes must always be accompanied by material characterisation and processing 
considerations in order to understand all the complex factors and their interactions during the 
extraction, purification, and processing of these polymers. In particular, the response of 
mixed culture PHAs to extrusion processing has not previously been explored; since this is a 
core property for any commercial application, this was a key gap in the literature.  
 Thesis objectives  1.2
This project therefore had the objective of progressing mixed culture PHA production by 
integrating the modelling of microbial metabolism with polymer science of the resulting 
product, with the view to relating macroscale process performance with monomer 
development, and to advance the polymer characterisation of mixed culture PHA. 
The major goals of the present thesis are:  
1) To describe, using metabolic models outlined in the literature, the intracellular 
dynamics of PHA accumulation and active biomass production in enriched mixed 
cultures when using acetic acid and propionic acid as substrates.  
2) To develop a detailed metabolic network able to describe biomass growth 
concurrent with PHBV accumulation, and relative proportion of 3-
hydroxybutyrate (3HB) and 3HV in PHBV as a function of metabolic state. 
3) To characterise the population dynamics during these same modelled 
accumulations and the impact of these dynamics on PHA storage capabilities. 
4) To optimise the PHA extraction conditions using non-chlorinated solvent of the 
polymers produced during these modelled processes and to characterise their 
chemical and thermal properties. 
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5) To assess the thermal degradation of mixed culture polyhydroxyalkanoates 
during melt–processing.  
 Thesis Organisation  1.3
The thesis structures as follows: a brief introduction of the state of the art; the detailed 
specific methods used; presentation and discussion of the results, and finally the formulation 
of the conclusions reached. Chapters 7 and 9 were published as research papers in peer 
reviewed international journals, while Chapters 5 and 6 are in preparation for submission. A 
description of each chapter is presented as follows: 
Chapter 1 (present chapter) provides the context, motivation and the objectives of this Ph.D. 
thesis.  
Chapter 2 reviews the current state of the art in PHA production. It introduces PHAs in 
terms of their environmental and economic impact and the available strategies being applied 
to PHA production in both pure cultures and mixed cultures. The main topics are: i) PHA 
biosynthetic pathways and their regulation; ii) Methods for enhanced production of mixed 
culture PHA, describing the effect of process parameters on polymer quantity and quality, 
and the effect of polymer composition and microstructure on material properties; and iii) 
Metabolic modelling strategies applied to pure and mixed cultures. Chapter 2 offers an 
introduction to stoichiometric modelling of cell metabolism and outlines the existing models 
in the literature that formed the basis of the present study and that will be further explained in 
the following chapters. 
Chapter 3 provides a justification of the thesis objectives outlined in the first section 
(Research Objectives ROs). 
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Chapter 4 details the experimental set-up and operating conditions of the three-stage PHA 
production system, the general analytical techniques of each stage, and the calculations of the 
kinetic and stoichiometric parameters used for the development of mathematical techniques. 
In Chapter 5 the experimental data from pilot scale PHA-producing batch experiments were 
analysed using existing metabolic models to obtain carbon fluxes during PHA synthesis with 
concurrent cell growth. 
A metabolic network representing the studied process was defined. But it is noted that 
existing metabolic networks for PHA-producing microbial consortia only describe the 
simpler processes and do not take into account the cell growth regulation pathways and the 
source of reducing equivalents.  
Chapter 6 describes the development of an extended metabolic model. The new metabolic 
network was validated using the experimental data first presented in Chapter 5. Metabolic 
flux analysis (MFA) and Flux balance analysis (FBA) were implemented at stages of the 
culture in order to assess the impact of feeding strategy on PHA composition and generation 
of active biomass. Elementary mode analysis was carried out to decompose the 
stoichiometric matrix to determine the network model capability to adequately describe the 
simultaneous PHA storage and active biomass growth. 
Chapter 7 presents an analysis of the population flux during the course of these same 
experiments and relates these population dynamics in both the accumulation and enrichment 
reactors to the final yields and properties of the polymers obtained. 
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Chapter 8 describes the PHA extraction methods used to obtain extracted PHA materials 
from this same set of experiments. These polymers were characterised with respect to their 
molecular weight, chemical composition, microstructure and thermal properties. 
Chapter 9 describes the assessment and monitoring of thermal degradation of mixed culture 
PHA during processing. In-line Near-Infrared PHBV melt-extrusion was coupled with 
multivariate techniques to assess the thermal degradation.  
Finally, Chapter 10 summarises the main conclusions from this research work and also 
provides recommendations for future work. 
The following figure is a schematic representation of the thesis structure. 
 
 
  7 
 









Assessment of PHBV 
extraction efficiency 

























Chapters 5 & 6
Chapter 8 & 9
Chapter 9
• Strategies for MC 
PHA production




• Molecular biology 
and statistical tools 
for microbial 
characterisation
Material properties of MC 
PHA:
• Monomer composition and 
distribution
• Thermal properties
• Process monitoring and 
control
• Multivariate Data 
Analysis tools
  8 
 Literature Review 2
 Microbial polyhydroxyalkanoates (PHAs) background 2.1
 Polyhydroxyalkanoates – an introduction 2.1.1
Polyhydroxyalkanoates (PHAs) are some of the most promising biodegradable biopolymers 
currently under development (Keshavarz and Roy 2010). They are synthesised by a broad 
range of bacteria and some archaea under external/internal growth-limiting conditions 
(Anderson and Dawes 1990, Sudesh et al. 2000) or alternating anaerobic/aerobic conditions 
(Dai et al. 2008, Bengtsson 2009). 
PHAs are a family of polyesters that consist of hydroxyalkanoate (HA) units that are used by 
bacteria as intracellular carbon and energy reserves. Although many types of PHA have been 
discovered (Figure 2.1), the homopolymer poly-3-hydroxybutyrate (PHB) is the best known 
and characterised (Lee 1996). Only a few types of PHAs have been produced at large scale, 
these being PHB and the copolymers of 3-hydroxybutyrate with 3-hydroxyvalerate (poly(3-
hydroxybutyrate-co-3-hydroxyvalerate, PHBV) and with 3-hydroxyhexanoate (poly(3-
hydroxybutyrate-co-3-hydrohexanoate, PHBHHx) (Noda et al. 2010).  
  
Figure 2.1. General structure of polyhydroxyalkanoates, adapted from Lee (1996) 
  Polymer 
n = 1 R=Hydrogen Poly(3-hydroxypropionate) 
 R=Methyl Poly(3-hydroxybutyrate) 
 R=Ethyl Poly(3-hydroxyvalerate) 
 R=Propyl Poly(3-hydroxyhexanoate) 
 R=Pentyl Poly(4-hydroxyoctanoate) 
 R=Nonyl Poly(5-hydroxydodecanoate) 
n = 2 R=Hydrogen Poly(4-hydroxybutyrate) 
n = 3 R=Hydrogen Poly(5-hydroxyvalerate) 
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PHAs are attractive as polymer materials because their mechanical properties are comparable 
with synthetic polymers (Akaraonye et al. 2010) and their rate of biodegradation is high, 
leading to carbon dioxide and water (Volova et al. 1998). Moreover, PHA can be produced 
from renewable carbon sources and the chemical structure can be manipulated by changing 
carbon substrate and the fermentation conditions used, producing polymers with a broad 
range of properties (Albuquerque et al. 2011). PHA homopolymers, random copolymers, and 
block copolymers have been produced through such manipulations. With over 150 different 
PHA monomers being reported, PHAs with very different thermal and mechanical properties 
have been developed. 
Such diversity has enabled the development of materials for various applications, including 
environmentally friendly biodegradable plastics for packaging purposes, fibres, 
biodegradable and biocompatible implants, and controlled drug delivery release carriers. 
PHA monomers can also be used to develop biofuels, drugs, or chiral intermediates (Chen 
2010). 
Despite the advantageous features of PHAs, they have two main disadvantages currently 
reducing their wide scale application in the polymer processing industry (Leroy et al. 2012): 
- Their price is still high compared to commodity petroleum-based polymers; and 
- They have a very small melt processing temperature window, due to thermal 
degradation at the melting temperature, making processing complex. 
PHA production from mixed cultures that make use of a wide range of cheap and renewable 
carbon sources such as volatile fatty acids present in fermented waste streams would increase 
the chances for PHA to be considered as a commodity bioplastic as well as reducing the 
environmental impact (Gurieff and Lant 2007). Consequently, increasing efforts to maximise 
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PHA content, to control PHA chemical structure and to fully characterise physical properties 
of mixed culture PHAs are being carried out. 
 PHA production 2.1.2
More than 300 different microorganisms that synthesise PHA (Anderson and Dawes 1990) 
have been identified since its discovery in the 1920s (Lemoigne 1923). Attempts to 
commercialise PHA production began in 1959, with one of the first processes for PHB 
production from bacteria being patented by W.R. Grace and Company using pure bacterial 
cultures (Laycock et al. 2013). This was followed by Imperial Chemical Industries Ltd who 
produced the copolymer PHBV known as BiopolTM in 1970 and whose technology was later 
sold to Monsanto and then to Metabolix (Laycock et al. 2013). Since then, there have been a 
growing number of technologies involving pure bacterial cultures, using either wild strains or 
genetically modified microorganisms (Madison and Huisman 1999), and so far, PHB, PHBV, 
PHBHHx (poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)), and medium-chain-length 
PHAs (mcl-PHAs, which have monomer units with a typical chain length of C6-C14) have 
been produced on a large scale (Chen 2009). PHA process development involves strain 
improvement, lab and pilot fermentation studies and then industrial scale up. The economic 
viability of microbial production of PHA relies on several factors, including the cell density, 
bacterial growth rate, percentage of PHA on the basis of dry cell weight, substrate to product 
yields, cost of substrates and the method of extraction and purification of PHA (Chen 2009). 
Life cycle assessment (LCA) has been undertaken to evaluate the environmental impact of 
PHA produced by pure cultures (Harding et al. 2007). PHA production was found to be more 
energetically advantageous and to generate less carbon dioxide emissions compared with 
polypropylene and polyethylene production. However, despite the remarkable advances in 
PHA technology using pure cultures, the production process requires axenic conditions and 
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the use of purified carbon sources, which increases the overall production cost and requires a 
large amount of energy, in particular steam, for maintaining sterile conditions. For this and 
other reasons, LCA has also shown that PHA production by mixed microbial cultures (MMC) 
(Gurieff and Lant 2007) is more financially beneficial than production by pure cultures. The 
MMC PHA production technology also has significant potential for further optimisation to 
reduce the overall environmental impacts and production costs and thus represents a viable 
and potentially cost-effective option to be exploited (Dionisi et al. 2004). 
 Strategies for PHA production from mixed cultures 2.1.3
PHA production from mixed microbial cultures has been undertaken using two different 
strategies: anaerobic-aerobic cycling and a feast-famine (Aerobic Dynamic Feeding (ADF)) 
approach. 
PHA production in wastewater treatment plants was first described in the enhanced biological 
phosphorous removal (EBPR) process. This process involves alternating anaerobic/aerobic 
cycles, and the microorganisms responsible for PHA storage are polyphosphate-accumulating 
organisms (PAOs) and their counterparts, glycogen-accumulating organisms (GAOs). Under 
anaerobic conditions, both PAOs and GAOs store PHA from external carbon sources and 
from internal glycogen previously stored. In the aerobic phase, PHA is consumed for cell 
growth, maintenance and glycogen pool replenishment (Yuan et al. 2012).  
The Aerobic Dynamic Feeding (ADF) process makes use of a strategy for mixed culture PHA 
production which consists of two steps. In the first stage a mixed consortia is submitted to 
alternating periods of substrate availability and substrate depletion (a feast/famine strategy) 
(Dionisi et al. 2004, Mengmeng et al. 2009). During the famine period, the stored PHA is 
consumed, providing more balanced growth conditions for the PHA accumulating 
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microorganisms, thus giving them an advantage over non-accumulating bacteria (Dias et al. 
2006) and enriching the culture in these organisms. In the second stage, the PHA-storing 
microorganisms are transferred to a nutrient limited fed-batch reactor with a high organic 
load maximising the polymer accumulation. PHA contents of up to 89% of the cell dry 
weight have been achieved in approximately 8 hours of reaction using acetate as substrate 
using this strategy (Johnson et al. 2009). 
In both strategies, anaerobic/aerobic cycles and the feast/famine approach, PHA storage 
occurs when cellular growth is not favoured. In the anaerobic/aerobic process, an external 
limitation of an electron acceptor (such as oxygen or nitrate) limits cellular growth and 
enhances PHA storage. By contrast, in the ADF process, an internal limitation (insufficient 
intracellular components necessary for growth) prevents growth while both an electron 
acceptor (oxygen) and its corresponding electron donor (PHA) are present during the 
substrate uptake (2015). By using fermented waste streams rich in biodegradable carbon 
compounds and nutrients (nitrogen and phosphorous), it is possible to obtain microorganisms 
with both high storage ability and PHA accumulation capacity (Morgan-Sagastume et al. 
2010). However, the PHA composition seems to be affected by the nutrient limitation 
conditions, especially under phosphorus limitation (Wen et al. 2010). 
The diverse organisms present in mixed cultures offer the potential to produce a broad range 
of PHA copolymers with monomers such as 3-hydroxyvalerate (3HV), 3-hydroxyhexanoate 
(3HHx), 3-hydroxy-2-methylbutyrate (3H2MB), and 3-hydroxy-2-methylvalerate (3H2MV) 
as well as the base 3HB monomer (Laycock et al. 2013), since different organisms have 
differing capacities for taking up varying available carbon sources. In comparison with pure 
cultures, it is also possible to produce copolymers with higher fractions of monomer units 
other than 3-hydroxybutyrate (3HB) (Lemos et al. 2006), which could open up the 
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opportunity to produce polymers with a broader range of properties and therefore potentially 
novel applications. Table 2.1 shows the different PHA monomer composition achieved in 
aerobic SBR PHA accumulation systems using different VFA compositions. 
However, although high PHA yields and diverse compositions have been obtained in mixed 
cultures, it is still necessary to aim to: (1) increase the volumetric productivity (cell 
concentration is still low compared with pure cultures (Dias et al. 2006)) and thus improving 
the yields following extraction and purification; (2) understand the effects of process 
parameters (feeding strategy, carbon source, dissolved oxygen concentration, etc.) and 
biological factors (community dynamics, cellular physiology, etc.) on the polymer 
composition and monomer distribution and thereby obtaining polymers with diversified but 
consistent properties; and (3) advance the understanding of mixed culture PHA 
characterisation and processing; the assumption in this case has been there will be little 
difference in comparison with pure culture PHAs.  
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Table 2.1 Comparison of different feeding substrates and strategies of aerobic SBR PHA accumulation systems (adapted from Laycock et al. 2013 
and Arcos-Hernandez et al. 2013)  
Culture enrichment 
Substrate 




(%) (Max) Reference Substrate VFA (g%) HAc:HPr:HBut:HVal:other 
Municipal wastewater Butyrate 0:0:100:0:0 100:0:0:0:0 37 (Chua et al. 
1999) 
 
Municipal wastewater Butyrate/valerate 0:0:80:20:0 88:0:12:0:0 40 
Municipal wastewater Butyrate/valerate 0:0:60:40:0 70:0:30:0:0 35 
Municipal wastewater Butyrate/valerate 0:0:40:60:0 65:0:35:0:0 24 
Municipal wastewater Butyrate/valerate 0:0:20:80:0 49:0:51:0:0 18 
Municipal wastewater Valerate 0:0:0:100:0 46:0:54:0:0 22 
Acetate/propionate Acetate/propionate Unspecified 90:0:10:0:0 – (Reis et al. 
2003) Acetate/propionate Acetate/propionate Unspecified 75:0:25:0:0 – 
Acetate/propionate Acetate/propionate Unspecified 70:0:30:0:0 – 
Acetate Acetate 100:0:0:0:0 100:0:0:0:0 – 
Acetate Acetate/propionate 55:45:0:0:0 54:0:33:13:0 26 (Serafim et 
al. 2008) Acetate Propionate 0:100:0:0:0 31:0:47:22:0 13.5 
Acetate Propionate 0:100:0:0:0 12:0:67:21:0 23.7 
Acetate Butyrate 0:0:100:0:0 100:0:0:0:0 14.8 
Acetate Valerate 0:0:0:100:0 32:0:52:16:0 14.6 
Propionate Propionate 0:100:0:0:0 28:0:72:0:0 20.8 
Acetate Acetate 100:0:0:0:0 100:0:0:0:0 21 (Patel et al. 
2009) Acetate/propionate Acetate/propionate 59:41:0:0:0 94:0:6:0:0 25 
Acetate Mixed VFA – 
simulated feed 
31:18:29:22:0 61:0:39:0:0 77 (Albuquerque 
et al. 2011) 
Acetate Mixed VFA – 
simulated feed 
60:16:20:4:0 79:0:21:0:0 68 
Acetate Fermented molasses 60:9:25:6:0 85:0:15:0:0 56 
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Culture enrichment 
Substrate 




(%) (Max) Reference Substrate VFA (g%) HAc:HPr:HBut:HVal:other 
Fermented WAS 12 gCOD/L/day Fermented WAS 42:18:17:3:20 82:0:18:0:0 8 (Morgan-
Sagastume et 
al. 2010) 
Fermented WAS 12 gCOD/L/day Mixed VFA – 
simulated feed 
43:16:14:6:21 87:0:13:0:0 29 
Fermented WAS 12 gCOD/L/day Mixed VFA – 
simulated feed 
43:16:14:6:21 85:0:15:0:0 13 
Fermented WAS 6 gCOD/L/day Fermented WAS 42:18:17:3:20 74:0:26:0:0 19 
Fermented WAS 6 gCOD/L/day Mixed VFA – 
simulated feed 
43:16:14:6:21 71:0:29:0:0 23 
Fermented WAS 6 gCOD/L/day Mixed VFA – 
simulated feed 
43:16:14:6:21 56:0:44:0:0 23 
Fermented WAS 6 gCOD/L/day Acetate/propionate 77:23:0:0:0 72:0:28:0:0 23 
Fermented WAS 6 gCOD/L/day Acetate/propionate 77:23:0:0:0 73:0:27:0:0 25 
Fermented whey permeate Acetate/propionate 50:50:0:0:0 38:0:62:0:0 0.46 (Arcos-
Hernández et 
al. 2013) 
Fermented whey permeate Acetate/propionate 50:50:0:0:0 28:0:72:0:0 0.53 
Fermented whey permeate Acetate/propionate 70:30:0:0:0 54:0:46:0:0 0.48 
Fermented whey permeate Acetate/propionate 70:30:0:0:0 48:0:52:0:0 0.55 
Fermented whey permeate Acetate/propionate 70:30:0:0:0 (4h) + 30:70:0:0:0 (4h) 35:0:65:0:0 0.48 
Fermented whey permeate Acetate/propionate 30:70:0:0:0 (4h) + 70:30:0:0:0 (4h) 36:0:64:0:0 0.46 
Fermented whey permeate Acetate/propionate 100:0:0:0:0 (4h) + 0:100:0:0:0 (4h) 88:0:12:0:0 0.46 
Fermented whey permeate Acetate/propionate 100:0:0:0:0 alternating 0:100:0:0:0 57:0:43:0:0 0.51 
Fermented whey permeate Acetate/propionate 100:0:0:0:0 alternating 0:100:0:0:0 46:0:54:0:0 0.32 
Fermented whey permeate Acetate/propionate 100:0:0:0:0 alternating 0:100:0:0:0 65:0:35:0:0 0.49 
Fermented whey permeate Acetate/propionate 100:0:0:0:0 alternating 0:100:0:0:0 77:0:23:0:0 0.27 
Fermented whey permeate Acetate/propionate 100:0:0:0:0 alternating 0:100:0:0:0 82:0:18:0:0 0.27 
MW = municipal water; AE = aerobic; HAc = acetate; HPr = propionate; HBut = butyrate; HVal = valerate; SBR = sequencing batch reactor; WAS = 
Waste activated sludge.  
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 Biosynthesis and regulation of PHA 2.2
PHA can be synthesised using chemical or biological processes. The production of PHA by 
microorganisms leads to a higher molecular weight compared with chemical methods (Chen 
2010). However, controlling the PHA structure in biological processes is difficult since this 
approach involves complex metabolic pathways which are strongly influenced by the 
conditions of the culture and media composition. 
Different forms of acyl-CoA are the key intermediates supplying the 3-hydroxyacyl-CoA of 
different lengths as substrates for various PHA synthases (Anderson and Dawes 1990). In 
addition, 3-hydroxyacyl-CoA units can also be generated from β-oxidation of fatty acids of 
different chain lengths (Chen 2010). The three mayor PHA pathways are summarised in 
Figure 2.2. 
Pathway I generates 3-hydroxybutyrate in three stages through the sequential action of three 
enzymes. First, two acetyl-CoA molecules are condensed in a reaction catalysed by PhaA (β-
ketothiolase) to produce acetoacetyl-CoA. Secondly, a reduction catalysed by PhaB 
(NADPH-dependant acetoacetyl-CoA reductase) produces 3-hydroxybutyrate (3HB) 
monomers. Finally, PHA synthase (PhaC) adds 3HB monomer units to the polymer chain. It 
has been found that PhaB can also catalyse the conversion of 3-ketoacyl-CoA intermediates 
in pathway II. Pathway I is commonly found in microorganisms, given that acetyl-CoA is 
synthesised in all cells regardless the carbon source (Taguchi et al. 2005). 
Fatty acids are a suitable carbon source for PHA production (Laycock et al. 2013). Pathway 
II is associated with fatty acid uptake (β-oxidation); however, acyl-CoA intermediates must 
undergo conversion by the PhaJ enzyme (R-specific enoyl-CoA hydratase) into 3-
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Figure 2.2. Metabolic pathways that supply various hydroxyalkanoate monomers for PHA 
biosynthesis. PhaA, β-ketothiolase; PhaB, NADPH-dependent acetoacetyl-CoA reductase; PhaC, 
PHA synthase; PhaG, 3-hydroxyacyl-ACP-CoA transferase; PhaJ, (R)-enoyl-CoA hydratase. 
Adapted from Aldor and Keasling (2003). Dotted lines represent reactions where intermediate 
metabolic steps are not included. 
PHA producing bacteria such as Pseudomonas can alternatively synthesise mcl-PHA from 
unrelated carbon sources such as glucose, or alkanoic acids (octanoic acid, oleic acid, 
nonanoic acid or undecanoic acid) (Ashby et al. 2002). Consequently PHA synthesis (via 
pathway III) in these bacteria is related to fatty acid synthesis. In order to feed this PHA 
biosynthesis pathway, fatty acid biosynthesis intermediates have to be converted from the 
acyl carrier protein (ACP) to the CoA form by PhaG (3-hydroxyacyl-ACP-CoA transferase) 
(Taguchi et al. 2005). 
Pathway I Pathway III Pathway II 
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Polymerisation of the 3-hydroxyacyl-CoA intermediates consists of a three step process 
catalysed by the PHA synthase enzyme: initiation, propagation, and chain transfer 
(Kawaguchi and Doi 1992). In the first step (polymer chain initiation), PHA chains are 
generated when monomer units bind for the first time to the enzyme. The second step is 
polymer chain elongation, where pre-existing chains attached to the PHA synthase are 
continuously elongated through further incorporation of monomer units. Finally, the third 
step is polymer chain termination, where PHA chains are separated from the enzyme and 
secreted in the interior of the granules. 
There are approximately 125 different hydroxyalkanoic acids which are known to have been 
incorporated into PHA polymers as monomer units (Rehm and Steinbuchel 1999). The most 
well studied PHA polymer, PHB, is formed from 3HB monomers which are formed by two 
units of acetyl-CoA. On the other hand, one acetyl-CoA and one propionyl-CoA condense to 
form one 3HV monomer. Two units of propionyl-CoA can likewise be condensed to form 3-
hydroxy-2-methylvaleryl-CoA, the precursor of poly(3-hydroxy-2-methylvalerate) 
(P(3H2MV)) (Serafim et al. 2008). 
The overall polymer composition is related to the composition of substrates consumed by the 
microbial culture. For short chain length PHAs (scl-PHAs, which have monomer units with a 
typical chain length of C3-C5), the precursors are mainly short-chain volatile fatty acids 
(VFAs) such as acetic, propionic, butyric and valeric acids, or/and sugars, like glucose. The 
specificity of PHA synthase determines the type of PHA produced, either scl-PHA or mcl-
PHA (Rehm 2003). 
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 Regulation of PHA metabolism 2.2.1
While PHA accumulation is triggered as a response to sub-optimal conditions for growth, as 
described below, PHA metabolism is a cyclic process of biosynthesis and degradation. The 
PHA depolymerase enzyme is a constitutive enzyme, which means that even during PHA 
accumulation PHA, depolymerase is active (Doi et al. 1990), such that PHA polymerisation 
and degradation can occur simultaneously inside the cell (Uchino et al. 2007). 
 Cyclic PHA synthesis and degradation 2.2.1.1
There is evidence that PHA metabolism is controlled by the relative concentrations of the 
[acetyl-CoA]/[CoA] and [NAD(P)H]/[NAD(P)+] pools (Leaf and Srienc 1998), which also 
regulate β-oxidation. In this sense, simultaneous PHA synthesis and degradation are believed 
to give the cell an advantage under shifting environmental conditions of carbon and nutrient 
availability (Ren et al. 2009). 
PHA can be degraded inside the cell by intracellular depolymerases of accumulating bacteria 
to make use of carbon reserves in the absence of a suitable exogenous carbon substrate, or 
outside the cell by extracellular depolymerases which are secreted by many microorganisms 
for utilisation of PHA in the environment (Jendrossek et al. 1996). 
Intracellular degradation of PHB is initiated by a PHB depolymerase to form 3-
hydroxyalkanoic acid, after which an NAD-specific dehydrogenase oxidises the acid to the 
acetate form (Kawaguchi and Doi 1992). The hydroxycarboxylic acids released by the 
degradation of PHA polymers can be activated to their CoA form and either pass into the β-
oxidation pathway or enter again into the PHA synthesis routes (Ren et al. 2009). 
Three distinct mechanisms for the activation of acetoacetate to acetoacetyl-CoA have been 
found in bacteria. In Escherichia coli, acetoacetate is activated by acetyl-CoA transferase and 
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then converted to two molecules of acetyl-CoA by ketothiolase. It has been suggested that in 
other bacteria, such as Azotobacter beijerinckii, acetoacetate is activated by an acetoacetate 
succinyl-CoA transferase. In Zoogloea ramigera, however, no CoA transferase activity was 
detected. It was reasoned that in this organism, acetoacetyl-CoA synthase might be 
responsible for acetoacetate activation (Cai et al. 2000). 
 Effects of nutrient limitation 2.2.1.2
PHA synthesis requires two substrates: acyl-CoA and reducing power such as through the use 
of NAD(P)H. PHA intracellular synthesis has been found to be regulated by the ratios of the 
different forms of the nicotinamide nucleotides. For instance, in Cupriavidus necator PHB 
increases its accumulation rate at high [NAD(P)H]/[NAD(P)+] ratios (Lee et al. 1995). 
Nitrogen limitation has also been a strategy for achieving high PHA concentrations. If 
ammonia (NH3) is present under growth limiting concentrations, less ammonia is available 
for reductive biosynthesis (for instance through amino acid synthesis and other cell growth 
pathways) and more ammonia can be used for NAD(P)H synthesis, which in turn favours 
carbon flux to PHA storage (Steinbüchel 2001). Adding small amounts of complex nitrogen 
sources or amino acids can thus enhance PHA synthesis (Babel et al. 2001), since no NADPH 
would be necessary for amino acid formation. 
PHA synthesis can also be triggered by limitation of other nutrients such as oxygen and 
phosphate. Oxygen is the final electron acceptor in the respiratory chain and its concentration 
is critical for conservation of reducing power during the ADF feeding phase. High dissolved 
oxygen supply enhances biomass growth at the expense of lower PHA accumulation (Third et 
al. 2003). At low oxygen concentrations, the reduced cofactors NADH and NADPH cannot 
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be oxidised and they therefore accumulate and inhibit the TCA cycle, which favours PHB 
accumulation, in a similar mechanism to nitrogen limitation (Babel et al. 2001). 
On the other hand, the effect of phosphorus deficiency is more complex. Cells are not able to 
generate ATP from ADP in the absence of phosphate, consequently the respiratory chain is 
affected and NAD(P)H accumulates and becomes available for PHA synthesis (Babel et al. 
2001). A phosphorous deficit limits propionyl-CoA decarboxylation and favours the 
accumulation of PHBV rich in 3HV monomer units in Cupriavidus necator (Grousseau et al. 
2014). However, the overall process productivity decreases when active biomass growth is 
limited, as NADPH regeneration is only possible via the TCA cycle. When a residual active 
biomass growth is maintained, NADPH can alternatively be synthesised via the Entner-
Doudoroff pathway (Grousseau et al. 2013). 
Overall, in mixed cultures, which need the TCA cycle for both growth and PHA formation, 
the best strategy therefore seems to be to have sufficient oxygen and phosphate for growth. 
 Methods for enhanced production of mixed culture PHAs 2.3
As previously stated, the economic feasibility of mixed culture PHAs can be increased by 
improving the volumetric process productivity and for this purpose is necessary to understand 
the effects of process parameters on PHA yield. 
 Effect of process parameters 2.3.1
PHA production form waste requires a pre-processing stage. In preprocessing, or acidogenic 
fermentation, an organic waste stream is converted in an anaerobic reactor to a mixture of 
organic acids, which are a desirable carbon source for PHA production. Fermentation is then 
followed by the stages already described, with enrichment of a microbial community in PHA 
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accumulating organisms through a feast/famine approach using these organic acids, followed 
by a PHA production stage. 
The composition of the mix of fermented acids obtained during the acidogenic stage system 
can be manipulated. Changes in the carbon source and nutrient availability can produce 
different VFA concentrations profiles in the fermentation and therefore modify the reaction 
stoichiometric and kinetics of the two following stages (Duque et al. 2014). 
In the case of the selection phase, carbon limitation in the feast and famine phase is the 
strategy for the enrichment of a PHA producing community (Serafim et al. 2004). However, 
nutrient supplementation during this phase favours the selection of a stable PHA storing 
biomass with a high storage capacity in the long term (Johnson et al. 2010).  
During the enrichment phase it has been demonstrated that the feast/famine ratio affects the 
process stability (Dionisi et al. 2007), as does the organic load rate (Dionisi et al. 2004). 
Another parameter to control is temperature (Chen et al. 2009, Johnson et al. 2010), given 
that it influences the reaction rates and has a role in the adaptation of the culture in the long 
term. 
One of the strategies used to increase the process productivity in the PHA production phase is 
changing the concentration of the carbon substrate. The amount of polymer produced is 
linearly correlated with the increment of substrate consumed. However, the productivity is 
lower at high acetic acid concentrations (180 Cmmol/L) even though a high PHB yield (0.67 
gPHA/gVSS) can be obtained (Serafim et al. 2004). In order to overcome possible substrate 
inhibition, Vargas et al. (2014) used a pulse fed-batch process, with acids delivered in pulses 
rather than as a single does and with a pulse concentration of between 3 Cmmol/L and 15 
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Cmmol/L (100 gCOD/L and 500 gCOD/L). Through this approach, they achieved a PHA 
yield of up to 0.71 gPHA/gVSS. 
Overall, although nutrient starvation or limitation during PHA production phase is a strategy 
to avoid biomass growth and to obtain higher PHA yields (Serafim et al. 2004, Johnson et al. 
2010), the addition of nitrogen and phosphorus in optimal concentrations with respect to 
carbon source (N/COD from 2 to 15 mg/g and P/COD from 0.5 to 3 mg/g) allows for active 
biomass growth and ultimately increases the overall PHA productivity, without growth 
leading to a dilution of the PHA pool after the maximum PHA content is reached (Valentino 
et al. 2015). 
Another strategy for maximising the efficiency of the PHA production phase is the selection 
of an optimal dissolved oxygen (DO) set-point, since higher PHA contents are attained at 
medium DO concentrations (3 mg/L) compared to low (0.5 mg/L) and high (5.5 mg/L). High 
DO concentrations seem to increase ATP availability which favours active biomass synthesis, 
while low DO concentrations can be limiting for both polymer and active biomass formation 
rates(Vargas et al. 2014). 
Enhanced production of mixed culture PHA can be performed in a more efficient way if 
control strategies are developed on the basis of a mathematical model for PHA production, 
combining the effects of process parameters and biological factors on the polymer production 
rates and characteristics (composition and monomer distribution, molecular weight) and 
thereby obtaining polymers with diversified properties. 
Table 2.2 lists the parameters and respective range of operation that were investigated so far. 
These parameters have a consequent impact in feast to famine length ratio (F/F ratio) and 
kinetic effects associated with carbon substrate concentration (limitation/inhibition). 
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Table 2.2. Common values of operating parameters used for PHA accumulating culture 
selection in mixed culture processes (Reis et al. 2011) 
Operating parameter Range 
Related to reactor operating parameters 
 
Sludge retention time 1–20 day 
Hydraulic retention time 1–3 day 
Length of SBR cycle 2–12 h 
pH 7–9.5 
T 20–30 °C 
Operation mode SBR or two continuous reactors sequentially disposed 
Related to feedstock 
 
Organic loading rate 1.8–31.25 g-COD l−1 day−1 
Substrate concentration 0.9–31.25 g-COD l−1 
C/N ratio 9–120 g-C g N−1 
Resultant from both feeding and reactor 
parameters  
F/F ratio 0.1–1.15 
F/F feast and famine  
 Modelling of PHA accumulation by mixed microbial cultures 2.4
Mathematical modelling and process/strain optimisation are tools to be exploited in order to 
enhance the productivity and properties of PHA producing microbial cultures. Existing 
mathematical models describing PHA storage can be divided into kinetic, low-structured, 
dynamic, metabolic (high-structured), cybernetic, and neural networks (Novak et al. 2015). 
So far, there is not a specific type of mathematical model which describes all the features of 
PHA producing strains and/or industrial-scale plants process parameters. The key modelling 
opportunity areas are (i) mixed substrates uptake; (ii) active biomass growth in the production 
phase; (iii) PHA intracellular degradation; (iv) PHA monomer composition and molecular 
weight; (v) granule development; and (vi) population dynamics. Considering the complexity 
of mixed culture PHA production, the development of hybrid models by combining two or 
more kinds of models seems promising. 
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 Metabolic modelling of PHA biosynthesis 2.4.1
Metabolic models attempt to describe the physiological state of the cell though the 
reconstruction of metabolic pathways (Stephanopoulos 1998). Metabolic models vary in 
complexity, from the simple cases, where the metabolic pathway comprises two or three 
enzymatic reactions, to more intricate metabolic networks that represent the main catabolic 
and anabolic routes of the cellular metabolism (Novak et al. 2015). 
 Metabolic models for PHA biosynthesis by mixed 2.4.1.1
cultures 
With the combination of known stoichiometry of metabolic reactions with process kinetics, a 
dynamic model can be established. Most kinetics models for PHA-accumulation by mixed 
cultures (Beun et al. 2000, Beun et al. 2002) are based on the seven reactions described by 
van Aalst-van Leeuwen et al. (1997) for Paracoccus pantotrophus. This model uses a simple 
expression to calculate PHB and active biomass production based on the concentration of the 
intermediate acetyl-CoA, which is formed from an external substrate (in this case acetic 
acid). Acetyl-CoA is a key metabolite which can be used for two purposes: in the TCA 
(tricarboxylic acid) cycle to produce high energy molecules ATP and NADH, and to form 
active biomass. Acetyl-CoA can also be condensed to produce PHB units (Beun et al. 2002). 
When there is more extracellular acetate available than needed for growth processes, the 
concentration of acetyl-CoA will increase and the equilibrium reaction drives carbon to the 
direction of PHA synthesis. Similarly, propionic acid is converted to propionyl-CoA; 
however, a portion of the propionyl-CoA produced from propionate uptake is converted into 
acetyl-CoA by decarboxylation when no other carbon source is available (Dias et al. 2008). It 
should be noted that, in general, acetic acid and propionic acid are the model VFA substrates 
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for PHA accumulation by activated sludge using fermented wastes. The detailed metabolic 
pathways are explored in detail in Chapters 5 and 6. 
However, the van Aalst-van Leeuwen et al. model was too simple to fully describe the carbon 
conversions. To facilitate a deeper understanding of polymer development, knowledge of the 
metabolic pathways involved in the synthesis of PHA is very important for anticipating the 
copolymer composition as it is evolving. For this reason, the mathematical/metabolic model 
described by Dias et al. (2005, 2008) evaluated the influence of carbon substrate composition 
(acetic and propionic acids) on enrichment and accumulation stages of PHA production by 
mixed cultures using an ADF regime. This model considered acetyl-CoA and propionyl-CoA 
both as biomass and PHA precursors. It was suggested that the uptake rates of acetate and 
propionate are correlated to the substrate concentration and that the monomer composition is 
directly related to the substrate composition; however, cell growth was considered to be 
negligible. Jiang et al. (2011) improved those models by calibrating a model with 
experiments with simultaneous cell growth and copolymer production.  
But even the Jiang et al. model has limitations. For example, it could not describe the 
experimental data from Arcos-Hernández et al. (2013), which showed that in accumulations 
fed with mixtures of acetic and propionic acid, the instantaneous 3HV production rate is not 
always constant and not necessarily proportional to the propionic acid consumed. In order to 
account for such discrepancies, more sophisticated models are needed. The use of 
mathematical tools that exploit existing knowledge with respect to the cell metabolic 
networks have the potential to accurately describe and optimise PHA production. 
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 Stoichiometric models for PHA producing 2.4.1.2
microorganisms. 
Stoichiometric models make use of fixed relationship between extracellular substrates, 
products and intracellular metabolites (Novak et al. 2015). There are numerous 
methodologies which make use of these metabolic networks and the assumption of the 
pseudo-steady state to obtain deeper insights into cell metabolism. Details regarding the 
mathematical aspects can be found in Chapters 5 and 6. 
Metabolic flux analysis (MFA) is widely performed to achieve the quantification of the 
intracellular fluxes of central metabolism. MFA permits the determination of the carbon flux 
distribution in a given metabolic network from the knowledge of a smaller subset of 
measured fluxes, which are normally substrate uptake and end-product formation rates. MFA 
can only be applied to determined or overdetermined systems (Stephanopoulos 1998). 
In contrast, flux balance analysis (FBA) is a mathematical approach for predicting the flow of 
metabolites in an underdetermined system. FBA makes used of nonadjustable input 
constraints to predict, for instance, the growth rate of a microorganism or the production rate 
of a relevant metabolite. There can be numerous feasible solutions for the system; however, 
the distribution predicted by FBA is the one that makes optimal use of the metabolic network 
while satisfying the constraints (Llaneras and Picó 2008). FBA can be used to calculate 
theoretical yields, investigate hypothesis, or to evaluate a range of possibilities, such as the 
analysis of environmental perturbations. 
A number of studies have adopted these approaches in modelling PHA production. Shi et al. 
(1997), for example, proposed a metabolic network comprising 30 reactions for PHB 
production by Cupriavidus necator (formerly known as Alcaligenes eutrophus) using butyric 
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acid as a carbon source. MFA results showed that during periods of active biomass growth 
and nitrogen limitation, the flux of TCA cycle was nearly constant. Depending on the 
nitrogen availability, carbon flux was distributed between the glyoxylate shunt and PHB 
synthesis. It was also found that butyric acid was more efficient for PHB production 
compared with lactic and acetic acids. 
In a later work, Yu and Si (2004), extended this model for PHBV synthesis by the same 
microorganism using acetic, propionic and butyric acids. The model comprises 41 reactions 
describing PHBV synthesis and central metabolism pathways such as the glyoxylate shunt 
(GOX), tricarboxylic acid cycle (TCA), C3/C4 pathways and the Entner-Doudoroff pathway 
(a specific pathway of C. necator related to anabolic functions and NADPH production). 
Cofactors NADH and NADPH were considered as balanced and regulated independently. 
The higher PHA yields were achieved with acetic and butyric acids as substrates. While a 
major proportion of propionic acid was decarboxylated to pyruvate and only 15% of 
propionyl-CoA was used for PHBV formation. It was found that malate is a key metabolic 
node (of the C3/C4 pathway and TCA cycle) given that oxaloacetate produced by its 
oxidation can combine with acetyl-CoA or with propionyl-CoA (Yu and Si 2004). 
Grousseau et al. (2013) developed a more detailed network for C. necator describing the 
formation of cell components (amino acids, nucleic acids, phospholipids and 
polysaccharides) and investigated the role of NADPH generation pathways and availability 
on cellular growth, and the resulting impact on PHB synthesis. The model substrate was 
butyric acid and MFA data showed that while sustaining a minor active biomass growth; 
NADPH produced during the anabolic reactions for cellular growth favours PHB production 
and ultimately improves the PHB specific production. 
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Flux balance analysis strategies have also been developed to understand the behaviour of 
PHA producing cultures and this way establish strategies for the maximisation of PHA 
production. For instance, Ramalingam et al. (2011) used FBA to simulate multiple substrate 
scenarios finding the optimal carbon source type and C/N ratio for Pseudomonas putida 
producing mcl-PHA in a fed-batch culture. 
For the case of mixed cultures, Pardelha et al. (2012) extended the 10 reaction network 
developed by Dias et al. (2008) to describe PHA production from complex mixtures of 
volatile fatty acids by mixed microbial mixtures submitted to a feast and famine regimen. 
MFA calculations showed the uptake of VFA with even number of carbon atoms (such as 
acetic acid) enhanced PHA storage fluxes. The metabolic objective function key for FBA 
predictions was the minimisation of the tricarboxylic acid cycle. Although PHA flux and 
biopolymer composition (3HB:3HV) could be accurately predicted by FBA, active biomass 
production was not considered as all experiments were carried out under negligible cell 
growth. 
Typically, the mathematical tools described are limited to studying the metabolic flux at a 
particular steady state of the system. However, these methods can be extended to describe the 
system dynamics, allowing the study of transient metabolic states and obtaining insights for 
the design of mixed culture PHA processes. 
 Integration of stoichiometry in dynamic models for 2.4.1.3
PHA synthesis 
As previously described, no model can represent mechanistically all the complex cellular 
processes: induction, repression, inhibition, and activation. Therefore the introduction of 
cybernetic variables into kinetic models (Ramakrishna et al. 1996) can substitute the 
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unknown mechanistic factors of the cell regulatory system. Alternatively, cybernetic 
variables can also be incorporated in hybrid models combining FBA and the decomposition 
of the metabolic networks into elementary modes (Kim et al. 2008). 
One application of this approach is the model developed by Franz and co-workers (2011), 
where an hybrid cybernetic modelling approach was used to describe the simultaneous 
biosynthesis and intracellular degradation of PHB by C. necator growing in fructose. The 
metabolic network, formed by 36 reactions, was decomposed in 122 elementary modes 
(EMs) which were reduced to 5 using metabolic yield analysis. The reduced set of EMs was 
controlled by the vector of cybernetic variables. The model was in good agreement with 
experimental data and showed that PHB depolymerisation should be included in modelling of 
continuous and fed batch cultures (Franz et al. 2011). 
Dynamic Flux Balance Analysis (DFBA) is an extension of traditional FBA which enables 
analysis of interactions between the metabolism and the process parameters. In this approach 
the metabolic network is coupled with the dynamic mass balance equations of the 
extracellular environment (Höffner et al. 2013), generating dynamic predictions of substrate, 
biomass, and product and this approach can be applied to fed-batch cultures (Hanly and 
Henson 2011). 
DFBA has been applied to the case of PHA-producing mixed microbial cultures using 
complex mixtures of volatile fatty acids (Pardelha et al. 2014). Considering the TCA cycle 
minimisation as the key objective function, with a single cybernetic variable representing the 
cell regulatory response to carbon source overflow, the model delivered good fit with 
experimental data. However, although PHA composition was correctly predicted, the 
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experimental data showed that the instantaneous relative rate change in 3HV monomers 
(%3) was nearly constant. And active biomass growth is not considered. 
 Effect of population on carbon source uptake and 2.4.1.4
copolymer composition 
Another factor to consider in modelling these mixed culture communities is variability in 
uptake rates for different feedstocks. According to Pardelha et al. (2014), the experimental 
data showed no competition between different types of VFA present in mixed microbial 
cultures. However, PHA monomeric composition might also be influenced by the population 
composition and not only by the volatile fatty acid (VFA) feeding profile. 
Polymer composition and microbial community selection can be related to the specific carbon 
preferences of each population during the enrichment phase in the SBR reactor. A study 
carried out by Albuquerque et al. (2013) has shown that even when using the same profile of 
VFA feeding, in experiments operated under the same conditions, differences in 3HV content 
in the final PHBV copolymer have been observed. This phenomenon could be associated 
with differences in the community structure. In the presence of multiple substrates, microbial 
populations were shown to specialize in different substrates: for example, Azoarcus does not 
take up butyrate as a single substrate but requires the uptake of other carbon sources in order 
to activate the butyrate consumption, and there are other microorganisms that appear to be 
more generalist, showing a strong uptake rate for all VFAs in the media. This is the case for 
Paracoccus, which had a strong uptake rate for all VFAs tested with the exception of acetate, 
which was consumed moderately (Albuquerque et al. 2013). 
Previous works have shown that through selection pressures, mixed cultures can be shifted 
into very well defined and narrow community compositions with high yielding and consistent 
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PHA production using synthetic feeds (Johnson et al. 2009, Jiang et al. 2011). It is known 
that the PHA performance of a microbial population selected using waste feedstocks is 
influenced by the VFA composition (Duque et al. 2014) and the concentration of VFA 
feeding the SBR (Albuquerque et al. 2010). However, the selective pressure inside an SBR 
reactor exhibited being strong even in the presence of multiple substrates. In a more recent 
study (Janarthanan et al. 2015) it was found the PHA accumulation capacity of the 
community was robust to population flux during enrichment with cheese whey, suggesting 
that community adaptation in mixed culture PHA production is a robust process. 
The microbial community composition during the PHA production phase has been 
considered in the segregated FBA model method proposed by Pardelha et al. (2013). The flux 
predictions given by the segregated model by were slightly better than those obtained by 
nonsegregated FBA, and coincided with metabolic flux analysis (MFA) estimated fluxes 
(Pardelha et al. 2013). Even though this model does not predict population dynamics it can be 
a tool to describe the metabolic diversity among the distinct microorganisms in a mixed 
culture. 
 Challenges in describing and modelling microbial mixed 2.4.2
cultures 
Overall, there are two phenomena in PHA biosynthesis by mixed cultures that make the 
modelling of the PHA accumulation rates and polymer composition difficult: (i) the 
metabolic kinetics vary over time due to population composition and cell physiological state; 
however, the ‘average’ metabolism is the only available measurement of the system 
behaviour. And (ii) the metabolic routes for the synthesis for some metabolites are unknown. 
Moreover, the models available in the literature possess diverse structures which make 
difficult their comparison. An attempt to formulate a generalised structure based on the 
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experimental data available in literature was recently published (Tamis et al. 2014). This 
model attempts to describe the feast and famine phases with the same kinetics expressions, 
and prompts the development of further mechanistic expressions. This means that there are a 
number of opportunity areas in PHA modelling, including:  
• Prediction of PHA composition: overall monomer composition and sequence 
distributions in the polymer chains 
• Modelling concurrent cellular growth/PHA accumulation 
• Development of a dynamic segregated model to include microorganism substrate-
uptake preferences on top of the fundamental networks.  
• Model-based control schemes to tailor maximisation of PHA accumulation rates and 
selective composition  
Regarding the metabolic models for mixed culture PHA, there is a considerable level of 
uncertainty in PHA synthesis pathways and also in the steady state assumption: the 
unaccounted excretion/consumption metabolite rates, and inaccurate energetic balances (for 
instance, on the ATP spent in maintenance). Current metabolic models do not consider, for 
instance, varying growth rates, and the associated adjustments to carbon flux through the 
pathways for generation of reducing equivalents (NADPH and NADH), which control the 
concentration of available precursors for monomer development. NADPH is not considered 
separately from NADH in reduced networks because they are commonly assumed to be 
interchangeable cofactors; however, a more realistic model would consider these two 
coenzymes as regulated separately. 
The use of adaptive algorithms to adjust the metabolic network parameters which adjust to 
changing cellular physiological states is not very well-studied. This kind of modelling could 
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make possible the on-line identification of the shift between cell growth and PHB storage in 
the future. An adaptive metabolic flux analysis algorithm could be applied to the on-line 
monitoring of a mixed culture production system with dynamic metabolic networks making 
use of the metabolic flux analysis (MFA) equation to adjust the value of unknown 
parameters. 
 Material properties of microbial PHA 2.5
The PHA family offers a range of properties in polymeric materials from crystalline to 
elastic. In order to produce PHA materials with the desirable chemical and mechanical 
properties, many different approaches have been studied, for instance copolymerisation, 
composite production and blending among others (Abe and Doi 2005). 
 Monomer composition and distribution  2.5.1
 Effect of monomer composition and distribution on 2.5.1.1
material properties 
Poly-3-hydroxybutyrate (PHB) is the most common biological polyester, but its periodic and 
regular structure when it crystallises makes PHB a stiff and brittle material (55-80% 
crystallinity), which moreover experiences deterioration over time due to secondary 
crystallisation (Steinbüchel 2001). 
On the other hand, the physical and thermal properties of PHA copolymers can be regulated 
by varying their molecular structure and copolymer compositions. The incorporation of a 
fraction of 3HV (or other monomers with a chain length from 3 to 14 carbon atoms) in the 
PHB backbone significantly increases the softness and flexibility of the biopolymer (Noda et 
al. 2010), increases thermal stability (Zakaria et al. 2010) and lowers the melting point 
(McChalicher and Srienc 2007). PHA copolymers, such as PHBV, are therefore often 
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preferred for practical use, and a range of such materials has been available as commercial 
commodities (Dai et al. 2008). 
Another approach to developing polymers with favourable properties is controlling the 
microstructure. The sequence distribution has an important role and determines how random 
or “blocky” a copolymer is. Block copolymers consisting of sequences of polymer chains 
containing two or more unique polymer regions covalently bonded together (Pederson et al. 
2006) and show an unique microphase separation which may lead to periodic nanostructures 
of differing morphology, with unique mechanical properties as a result (Laycock et al. 2013). 
For example, films consisting of block copolymers (PHBV-b-PHB) retained more elasticity 
over time with respect to films of similar random copolymers of comparable composition 
(McChalicher and Srienc 2007). 
However, the biological synthesis of block PHA is not straightforward even in pure cultures. 
Attempts to implement a time-based feeding program can fail to adjust for the changing cell 
physiology (Pederson et al. 2006). The kinetics of chain synthesis are fast and the 
intracellular concentrations of monomers are not necessarily the same as in the bulk reactor. 
An overview of the strategies to manipulate monomer composition and distribution in mixed 
cultures is presented below. 
 Control of composition and microstructure of mixed 2.5.1.2
culture PHA 
One approach for the manipulation of copolymer composition is through the feedstock 
composition and the feeding strategy adopted. In the typical PHA accumulation scenario, 
where different carbon sources are combined into a mix and then fed to the culture, random 
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copolymers are typically produced, although it is well-established that blends of copolymers 
can result from this process, in both pure and mixed cultures. 
Albuquerque et al. (2011) demonstrated that a range of compositions for copolymers of 
PHBV with 3HV fractions ranging from 15 to 39 mol% can be achieved by manipulating 
VFA composition and feeding regime (pulse versus continuous) using synthetic and real 
waste streams. This and other studies have demonstrated that in general the copolymer 
composition is predictable based on the ratio of the odd to even carbon numbers in the acid 
mix fed to the reactor (Gurieff 2007, Albuquerque et al. 2011).  
In mixed cultures, Lemos et al. (2006) showed that the as-produced polymer composition 
could be manipulated by varying the volatile fatty acid feed composition and by switching the 
substrate feeds. And a later study demonstrated the possibility to build complex polymer 
microstructures by manipulating the feeding procedure based on alternating pulses and 
controlling the monomer ratio (Ivanova et al. 2009, Arcos-Hernández et al. 2013).  
PHA copolymers synthesised by pure cultures are known to change remarkably their 
mechanical properties depending on the polymer monomer composition and distribution. 
However, in the case of the mixed culture PHA it was found that similar mechanical 
properties were achieved in spite of having a broad range of monomer compositions and 
distributions (Arcos-Hernández et al. 2013), which was attributed to the effect of as-produced 
blends on material properties. Mixed culture PHAs in such cases exhibit a complex 
microstructure that affects the ultimate mechanicals properties and is a consequence of the 
balance between co-crystallization and phase segregation of the different polymer 
components (Pardelha et al. 2012, Laycock et al. 2013). 
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 Molecular weight 2.5.2
 Effect of molecular weight on material properties 2.5.2.1
The molecular weight is a key parameter that affects the polymer end-use properties (with the 
polymers being characterised by their weight average molecular weight, Mw, number average 
molecular weight, Mn, and polydispersity index (PDI =Mw/Mn)). PHAs with Mw below 
0.4×106 Da have exhibited decreased mechanical properties and for thermoplastic 
applications the value of Mw should be higher than ∼0.6×106 Da (Laycock et al. 2013). 
It has been shown that different bacteria produce polymers of different molecular weights, 
with the chain length being controlled by PHA synthase, although the mechanisms of this 
process are not totally clear as yet (Anderson and Dawes 1990). The molecular weight of 
PHB in wild bacteria strains ranges from 1x104 to 1x106 Da (Abe and Doi 2005). In the case 
of mixed culture submitted to an ADF strategy, the polymer produced was found by Serafim 
et al. (2008) to have a stable Mw (1 to 3 x106 Da) during three years of reactor operation. 
Comparable values were achieved by Arcos-Hernández et al. (2013) and others (Helm et al. 
2008, Patel et al. 2009, Bengtsson et al. 2010). Some of the properties impacted by molecular 
weight are described below: 
In the case of PHBV copolymer (9 mol% 3HV), molecular weight was shown to have an 
influence on the thermal and mechanical properties. Luo et al. (2002), for example, obtained 
PHBV oligomers with different Mw values (ranging from 3.70 x104 to 2.78 x 105 Da) through 
thermal processing. It was found that the lamellar thickness, the amorphous layer thickness, 
the melting temperature, the crystallinity, the ultimate tensile strength, and the Young’s 
modulus increased at higher molecular weights. 
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The lamellar thickness of PHB increases as the number average molecular weight (Mn) 
increases. However, at more than 2 x103 Da, the lamellar size reaches a plateau 
(Marchessault and Yu 2005). Similarly, melting temperature also increases sharply with Mn; 
however, at Mn values above 2 x104 Da this influence is not noticeable. 
The effects of temperature, pH, the type of carbon source as well as the ammonia 
concentration and dissolved oxygen concentration have also been studied as factors 
influencing PHA molecular weight. 
 Control of molecular weight of microbial PHA 2.5.2.2
Tomizawa et al. studied the effects of culture time and temperature on the molecular weight 
of PHB synthesized by Bacillus cereus polymerases (Tomizawa et al. 2011). It was found 
that the longer the culture time and the hotter the conditions, the lower the molecular weight. 
In parallel this decrease in molecular weight was associated with a drastic increase in 
polydispersity. It was hypothesised that, in this case, hydrolytic cleavage via random chain 
scission was the mechanism for polymer degradation (Agus et al. 2010). 
As previously discussed, PHA synthesis and degradation are cyclic processes and the nutrient 
media composition can be used to control the rate of PHA synthesis but also the molecular 
weight. Daniel et al. (1992) carried out PHB production experiments testing the effect of 
limiting different nutrients (NH4+, Mg2+, PO43-) in Pseudomonas culture. The molecular 
weight of the extracted polymer ranged from 2.5 to 5.3 x105 Da, depending on the limiting 
nutrient. The average molecular weight distribution of PHB by Alcaligenes eutrophus 
decreased as the butyric acid concentration increased. However, when ammonia was added to 
the medium, PHB synthesis and degradation occurred simultaneously and the degradation 
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rate of the lower molecular weight polymer was faster than that of higher molecular weight 
PHB (Shimizu et al. 1993). 
In more recent studies it was demonstrated that PHB produced by Azohydromonas lata 
growing in glucose had lower molecular weight values (Mw 7.8 x104 and Mn 1.17 x105 Da) at 
high ammonia concentrations. In contrast, when the C/N ratio was increased, the values of 
Mw and Mn also increased considerably (up to 1.01 x106 and 2.58 x106 Da respectively) 
(Penloglou et al. 2012). The dissolved oxygen concentration has also been shown to have an 
effect on molecular weight, with Mw being lower when the DO concentration was increased 
(Penloglou et al. 2012). 
The study by Penloglou et al. (2012) also showed that C/P ratio had an influence on Mw and 
Mn values; however, it was not as significant as the C/N ratio. In the case of mix cultures 
using methane as a carbon source, high molecular weight PHB (Mw >3 x106 Da) was 
obtained with potassium-deficiency (Helm et al. 2008). 
In the case of mixed culture submitted to an ADF strategy, although the polydispersity index 
(PDI) was kept between 1.3 and 2.2, it was found to slightly increase when the nitrogen 
source was increased from 10 to 20 mg N/L (Serafim et al. 2008). 
Given these results, it is however necessary to note that the final molecular weight of 
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 Prediction of molecular weight and copolymer composition 2.5.3
distribution 
There are few attempts to link the metabolic models and the process conditions with the final 
PHA properties, with not only PHA yield and composition but also molecular weight (Mw) 
being key parameters. 
The monomer composition depends on the relative availability of 3HB and 3HV units in the 
bulk. According to the model developed by Iadevaia and Mantzaris (2006) this availability 
depends on the expression of genes responsible for acetic and propionic acid activation to 
acetyl-CoA and pronionyl-CoA respectively. 
In this sense, a number of models have been developed for the prediction of PHB dynamics 
and molecular weight distribution in bacterial cultures (Mantzaris et al. 2002, Penloglou et al. 
2010). Mantzaris et al. (2002) assumed a constant chain length propagation rate and did not 
include a degradation mechanism. On the other hand, the model postulated by Penloglou et 
al. (2010) integrates two different length/time scales by combining a polymerization kinetic 
model comprising initiation, propagation, chain transfer and degradation reactions, with a cell 
metabolism (monomer concentration) model and, and in a more recent model, key process 
operating variables (i.e., nutritional and aeration conditions) are also considered and validated 
experimentally (Penloglou et al. 2012). 
 Analysis of crystallisation and blends 2.5.4
The physical properties of PHA can also be regulated by blending (Chen and Luo 2009). 
Polymer blends are physical mixtures of structurally different polymers. The mixture of 
homopolymers, copolymers or of homopolymers/copolymers forms either a homogeneous or 
a heterogeneous phase whose miscibility depends on the phase structures and therefore 
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strongly impacts the polymer physical properties (Steinbüchel 2001) and further processing 
behaviour (Scaffaro et al. 2012). 
Crystallisation is the speed at which a thermoplastic hardens and is a physical property 
particularly important for melt processing. In general, the faster a material solidifies, the 
faster it can be processed into a film or fibre. As discussed above, increasing the number and 
size of co-monomer is advantageous for increasing the flexibility and ductility of PHA 
materials; it has a large effect on crystallisation kinetics. “Overall, crystallization kinetics is 
the result of two factors: (1) the primary nucleation rate of forming crystallisable surfaces 
from which subsequent growth may proceed; and (2) the growth rate from these surfaces 
once nucleation has occurred. Nucleation in PHAs is notoriously slow, whilst the nucleation 
rate of PHB crystals at biological temperatures is of the order of only one event per second 
per mm” (Satkowski et al. 2005). 
Chain isomorphism can occur when blends of two or more different semicrystalline polymers 
are miscible in the crystalline as well as the molten state. Isomorphism can occur with blends 
of different PHBV copolymers or with PHB/PHBV blends, depending on the percentage of 
difference in HV content between the mixed copolymers. If this difference is less than 10%, 
then the blend will exhibit single, composition dependent values of Tg and Tm. However, this 
is not the general case for other PHA copolymers; there is only a narrow window of 
composition in which chain isomorphism can occur (Laycock et al. 2013). 
 Mechanical properties 2.5.5
Three main mechanical properties need to be considered for industrial applications (Laycock 
et al. 2013): (1) the elongation at break, which is a measurement of toughness and reflects the 
total deformation that the polymer can withstand before fracture; (2) the Young's modulus 
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(YM) which is a measure of the stiffness; and (3) the ultimate tensile strength, which is a 
measure of the maximum strength of the material prior to the onset of plastic deformation. 
Typical mechanical properties for PHB include: tensile modulus 3.5 GPa; tensile strength 40 
MPa; and maximum elongation to break ~2 %. The physical properties of PHAs vary 
depending on their co-monomer chain size (scl-PHAs or mcl-PHA). For instance, the tensile 
strength of mcl-PHAs is around 20 MPa with extension to break reported as being of the 
order of 300-450 %. This compares with scl-PHAs, with tensile strength in the range of 4-43 
MPa and extension to break from 6-1000 % (where extension to break of polypropylene is 
400 %, with tensile strength of around 34 MPa) (Akaraonye et al. 2010). 
Dobroth et al. (2011) determined the mechanical properties of PHB homopolymer produced 
using crude glycerol, which were shown to be comparable with those for commercially 
available PHB (Young’s Modulus, tensile strength and elongation at break of 14 MPa, 1.8 
GPa and 1.3 % respectively). In contrast, Arcos-Hernández et al. (2013) found that polymer 
samples with a broad range of microstructure or compositional variation exhibited 
mechanical properties similar to the homopolymer PHB (tensile modulus 0.86-2.9 GPA; 
maximum elongation to break up to 58%). These results were attributed to the formation of 
varying phase structures due to the presence of blends as well as different surface 
morphologies as demonstrated by Atomic Force Microscopy (Arcos-Hernández et al. 2013). 
More detailed fractionation studies showed the presence of blends of nominally blocky and/or 
random copolymers of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) fractions with very 
different crystallisation kinetics and thermal properties among them (Mitomo et al. 1995, 
Chung et al. 1999, Mothes et al. 2004, Laycock et al. 2014). 
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 Thermal properties and thermal degradation 2.5.6
One of the key issues in terms of broader uptake of PHA as a commercial product is its 
sensitivity to thermal degradation. Observations carried out at temperatures which lie 
between the melting point and the temperature at which volatile degradation products are 
formed demonstrates that PHAs are thermally unstable at temperatures over 170 °C (Grassie 
et al. 1984, Kunioka and Doi 1990). 
Two processes are involved in changes in molecular weight. The more important of the two is 
random chain scission at ester groups, which results in the formation of carboxyl and vinyl 
groups (Grassie et al. 1984). PHB in particular is unstable above 160 °C, and degrades almost 
exclusively by a non-radical, random chain scission (cis-elimination) reaction, which results 
in a drastic reduction in molecular weight during melt processing. (Liu et al. 2009). This 
molecular weight loss is delayed in the early stages of the reaction by a condensation reaction 
between the terminal hydroxyl groups present in the original polymer and the terminal 
carboxyl groups, which were either originally present or formed in the chain scission process. 
This delay could have relevance to the industrial processing of this material (Grassie et al. 
1984). However, overall, PHAs have a remarkably narrow temperature processing frame due 
to their thermal instability, which affects both molecular weight distribution and rheological 
behaviour. Even residence times as small as 15s can affect the molecular mass distribution 
considerably (Leroy et al. 2012).  
This shortcoming can be overcome to some extent by copolymerization of PHB with 3-
hydroxyvaleric acid. PHBV copolymers have a lower melting point and much better 
flexibility. Unfortunately, because of the crystalline isodimorphism of 3HB and 3HV units, 
the melting temperature of PHBV with 3-hydroxyvalerate (HV) content of below 15 mol% 
(for most commercial production) is still high (for 3HV of 13 mol%, Tm ~157 oC) and thus the 
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melt processing window remains narrow (Liu et al. 2009). Some attempts have been made to 
enhance the thermal stability of PHB or PHBV, including PHBV with high %3HV, blending 
with nanoparticles and other polymers, and grafting modification. In the case of mixed 
culture PHA, improved thermal stability has been achieved through the reduction of 
inorganic contents by acid washing (Werker et al. 2012). 
Although pure culture PHAs are capable of being processed on conventional processing 
equipment, such as injection moulding, blow moulding, and extrusion (Osswald and 
Hernández-Ortiz 2006), there is no published literature regarding mixed culture PHA 
processing so far. The development of processing knowledge coupled with thermal stability 
studies for mixed culture PHA is of a great relevance to explore their range possible of 
applications. 
 Summary and Conclusions 2.6
The production of cost-effective PHAs with attractive physical properties determines their 
potential applications as a bioplastic. It has been demonstrated that PHA with diversified 
monomer compositions and molecular sequence distribution can be produced using cheap 
feedstocks available from fermented waste. However, it has also been found that this result is 
not only highly dependent on the feeding times and strategies used, but also on the culture 
and feeding history. Based on current knowledge, it is very difficult to predict and control 
molecular sequences in the developing copolymer. In this sense a more mechanistic 
description of mixed culture PHA process is necessary to explain the impact of cell 
physiology and/or microbial population on the polymerisation of certain type of monomer. A 
detailed understanding of the current methods for modelling carbon fluxes in PHA and the 
kinetics of the metabolic processes is required. And the major challenge is to develop a model 
that adequately fit these complex systems. 
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In order to understand and control polymer quality produced by mixed cultures is to interlink 
the effect of process parameters and feeding strategies on cell physiology which ultimately 
controls polymer compositional distribution and molecular weight. New modelling 
approaches combining stoichiometric cell description, polymerisation regulatory variables 
and integration of process variables seem promising for the production of PHA polymers 
with predictable properties which would increase their industrial relevance. 
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 Thesis overview: Research objectives 3
The research objectives (ROs) of this thesis were developed from the analysis of the literature 
review (Chapter 2). 
 Research objective 1 – Description of polymer composition 3.1
development with concurrent cell growth 
To optimise mixed culture PHA production and improve the mechanical properties it is 
necessary to understand the influence of substrate composition and feeding strategy on the 
process and on the final PHA properties. The aim therefore is to advance the fundamental 
understanding of PHA microbial synthesis by establishing a link between substrate uptake 
rates and their relative conversion to 3HB or 3HV monomers and the evolution of the 
polymer microstructure. 
The goal is to describe the macroscopic kinetic and stoichiometric PHA-storing parameters 
and evolution of polymer composition of mixed culture poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV). PHA accumulation performance is assessed in terms of PHA 
production rates, substrate uptake rate, PHA content and biomass produced. 
For better understanding and further optimisation of the PHA process, a more mechanistic 
description of PHA production by microbial mixed cultures is needed. There is still a lack of 
models that can explain a) mixed substrate consumption, b) simultaneous 
accumulation/cellular growth, c) prediction of monomer distribution and polymer chain 
formation. 
The purpose of this more advanced analysis is the postulation of an extended metabolic 
model able to describe PHA formation rates and monomer composition based on the 
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available models for PHA production and collected experimental data A stoichiometric 
description of the system would account for the main metabolic events involved in growth 
and PHA production, to analyse the carbon fluxes on utilisation of the short chain fatty acids. 
A suitable metabolic model should reflect the real physiological state of the cells, but being 
simple enough to be used in model-based control strategies in the future. 
Another goal is to develop stoichiometric modelling tools to exploit the knowledge about the 
structure of cell metabolism, without considering the still not very well known intracellular 
kinetic processes. 
 Research objective 2 – Description of microbial population 3.2
dynamics  
A description of the microbial population dynamics and physiological state during PHA 
accumulation is also needed. There are few reports of mixed culture PHA batch production 
coupled with unlimited cell growth, and very few that examine culture stability and 
population dynamics in response to feed strategy. Pyrosequencing-based analysis of the 16S 
rRNA gene amplicon has been a tool used to identify changes in the bacterial diversity and 
community structure in mixed microbial cultures submitted to different feeding scenarios. 
 Research objective 3 – Assessment of mixed culture PHBV 3.3
extraction efficiency and chemical and thermal properties 
The development of PHA production processes need to be coupled with material 
characterisation and processing considerations. 
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The aim is to characterise the final polymer produced in terms of molecular weight, chemical 
compositional distribution, and thermal properties as well as finding the best conditions for 
extraction of these polymers. 
 Research objective 4 – Assessment and monitoring of thermal 3.4
degradation of mixed culture polyhydroxyalkanoates during 
melt processing 
PHAs have exhibited low thermal stability at commercially relevant processing temperatures. 
Poly(3-hydroxybutyrate) (PHB) in particular has been found to have a melting temperature 
that is very close to its degradation temperature, reducing the range of temperatures and times 
for which it can be processed. Both acid pre-treatment and the inclusion of 3HV 
(hydroxyvalerate) monomers are believed to have a significant effect in improving the 
thermal stability of mixed cultured PHA. In addition, no studies to date, to our knowledge, 
have explored the thermal stability of as-produced PHA from mixed culture production.  
The goal is to assess the thermal degradation of pure and mixed-culture 
polyhydroxyalkanoates during melt-processing in a small-scale extruder using Near-Infrared 
spectroscopy. Multivariate data analysis is a powerful tool for analysing Near-IR spectra and 
can be used as a tool to monitor the formation of chemical products arising from the material 
decomposition and make predictions regarding the degree of degradation according to C-H 
groups present in the crotonic terminal groups. 
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 Experimental approach 4
In this Chapter, a detailed description of the experimental set-up and operating conditions of 
the PHA production system used in this thesis and a summary of materials produced are 
presented. Further detailed experimental conditions, analytical methods and mathematical 
tools are described in the following Chapters. 
 
 Pilot scale system 4.1
The experimental data described in Chapters 5, 6, 7 and materials characterised in Chapter 8 
and samples used in Chapter 9 were produced in a three-stage mixed microbial culture PHA 
system operated at AnoxKaldnes AB (AKB), Sweden. A schematic representation of the pilot 
plant is given in Figure 4.1. The pilot plant for PHA production consisted of: (1) an 
acidogenic fermentation reactor; (2) a PHA-enriching culture reactor; and (3) a PHA 
production reactor. 
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Figure 4.1. Mixed culture PHA production system used in this thesis. Unitary process inside the 
dashed border indicates the boundaries of the present thesis (Arcos-Hernandez 2012). 
The first stage (fermentation) was performed in a continuous stirred tank reactor under 
anaerobic conditions. The second stage was carried out in a sequential batch reactor (SBR) 
operated under Aerobic Dynamic Feeding (ADF) conditions with nutrient addition. The 
excess biomass with a high PHA storage capacity (as enriched in stage two) was used to 
produce PHA-rich biomass in the third stage, in a reactor operated in fed batch mode. 
Mathematical and analytical methods described in this thesis were only applied to the PHA 
production stage (third stage) and, therefore, only the experimental data (measured fluxes) of 
the PHA-producing batch experiments and final process parameters of the enrichment reactor 
are presented.  
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 Continuous stirred tank reactor 4.1.1
The first stage consists of a 200 L fermenter where cheese whey permeate is fermented at 27 
oC and pH of 6 to obtain a rich-VFA stream under anaerobic conditions. Acidogenic 
fermentation produced a mixture comprising 35 ± 4 % acetic, 4 ± 1 % propionic, 49 ± 4% 
butyric, 4 ± 1 % valeric and 8 ± 3% caproic acids. The fermented stream was combined with 
dilution water, nutrients (N-NH4, P-PO43-) and trace elements. The fermented cheese whey 
permeate from stage one was fed into a sequencing batch reactor (SBR). 
 Sequencing Batch Reactor (SBR) 4.1.2
The second stage consists of a 400 L sequencing batch reactor (SBR) operated according to 
the Aerobic Dynamic Feeding (ADF) strategy. AT the time of the experiments this 
enrichment reactor had been running stable for over three years using activated sludge 
collected from a municipal wastewater treatment plant. The SBR was operated at 30 oC with 
an organic loading rate of 10 g-COD/L/d, and with nutrient addition giving a COD:N of 
200:5. Phosphorous was found to be in excess in the stream, thus no addition was made. 
Trace elements solution was added including Fe and Zn. The enrichment was carried out 
using feast-famine cycles (Aerobic dynamic feeding). During the course of this study, the 
reactor operated with one cycle per day for the first 58 days, then for a period of 23 days ran 
at 2 cycles per day before returning at day 81 to one cycle per day. Operation of the reactor 
during this period was characterised by hydraulic retention time (HRT) of 1 day and the 
solids retention time (SRT) of 4 days when running at 2 cycles per day and HRT of 2 days 
and SRT of 8 days when run at 1 cycle per day. The shift between 1 and 2 cycles per day was 
due to observed periods with decreased settleability of the sludge.  
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 PHA accumulation in a batch reactor 4.1.3
PHAs using different feeding strategies and mixtures of acetic and propionic acids (HAc and 
HPr) were produced in a stirring batch reactor of 150 L (Table 4.1). The carbon source 
concentration in the feed was 100 gCOD/L with pH adjusted to 4 and additions of nitrogen 
and phosphorus for nutrient limitation to give COD:N:P of 200:2:1. N and P additions were 
3.82 g/L NH4Cl and 0.22 g/L KH2PO4, respectively. For the fed-batch accumulations, a pulse 
wise feedstock addition was applied for feed-on-demand (Werker et al. 2013) controlled the 
biomass respiration response as measured by dissolved oxygen (DO) trends (Gurieff 2007, 
Arcos-Hernandez et al. 2013). Semi-continuous (pulse-wise) additions of feedstock aliquots 
were made targeting peak COD concentrations of between 100-200 mg-COD/L (see Table 
4.1). Feedstock additions were triggered by a measured relative decrease in biomass 
respiration rate (Gurieff 2007). The temperature was kept at 30 oC and pH was monitored but 
not controlled. 
Four different feeding strategies were used in this study, with run replicates (Table 4.1). 
Experimental Set 1 used acetic acid (HAc) as single substrate; Set 2 used propionic acid 
(HPr) as single substrate; Set 3 used a mixed HAc and HPr substrate fed simultaneously in 
equal COD ratios; while in experimental Set 4 and 5 the acids were supplied in alternating 
pulses. 
The accumulation process was run for 20-25 h and samples were taken at selected times and 
analysed for VSS (volatile suspended solids), TSS (total suspended solids), PHA content and 
composition, soluble COD, volatile fatty acids (VFAs), and nutrients (nitrogen and 
phosphorus). 
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Table 4.1. Experimental conditions in the PHA fed-batch accumulations  
Exp 
Set 















HAc HPr HAc HPr 
1 100% Acetic acid 
1 23.2 1.2 1374 - 96 138 - 
1′ 21.9 1.4 1684 - 98 147 - 
2 100% Propionic acid 
2 23.3 1.2 - 939 106 - 77 
2′ 24.6 1.7 - 1439 102 - 137 
3 50% Acetic/ 50% propionic 
acid 
3 24.2 1.5 600 600 98 95 
3′ 20.4 1.9 817 817 98 140 
4 100% Acetic acid – 100% propionic acid (alternating) 
4 22.3 1.4 1429 982 101/103 106 105 
4′ 22.5 1.7 570 552 94/97 57 56 
5 
100% Acetic acid – 100% 
propionic acid (alternating – 
longer pulses) 
5 22.8 1.5 509 335 182/108 21 20 
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 Analytical methods  4.2
Total concentrations were analysed from well-mixed grab samples and soluble concentrations 
were analysed after filtering the aqueous samples with 1.6 µm pore size (Munktell MGA) 
filters. Volatile fatty acid concentrations were quantified by gas chromatography using a 
Varian 3400 GC equipped with a Chromosorb 101 column and FID (flame ionization 
detector). Nitrogen gas saturated with formic acid was used as carrier gas (30mL min-1). 
Injector and detector temperatures were set at 240 oC and 250 oC respectively (Morgan-
Sagastume et al. 2011). Solids analyses (total and volatile suspended solids, or TSS/VSS) 
were performed according to Standard Methods (APHA 1995). 
Hach Lange™ kits were used for the determination of soluble COD (sCOD) (LCK 114), 
NH4–N (LCK 303), NO3–N (LCK 339), soluble total phosphorus (LCK 349) and soluble 
total nitrogen (LCK 138). PHA content and monomeric composition (3HB and 3HV) of 
samples for Chapters 5, 6 and 7 was determined using the gas chromatography method 
described in Werker et al. (2008), using a Varian 3800 GC equipped with a FID, and a Saturn 
2000 GC/MS/MS detector and a Varian VF-1 ms column (30m×0.25 mm, 1.00 µm film 
thickness), the injection temperature used was 250 °C. For Chapter 8, PHA composition was 
measured according to Arcos-Hernandez et al, (2013) using a Perkin-Elmer gas 
chromatograph (GC). Biomass polyhydroxyalkanoate content was also assessed by FTIR 
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 The evolution of polymer composition during PHA 5
accumulation: the significance of reducing equivalents 
This chapter is a modified version of a paper prepared for publication in Water Research. In 
this chapter, the experimental data of the third stage of the PHA system process were 
analysed using the lumped metabolic network developed by Dias et al. (2008). Metabolic flux 
analysis (MFA) was performed at different stages of PHA production in order to investigate 
the effect of VFA composition and feeding strategy on PHA storage efficiency and cellular 
growth. Previous MFA calculations in mixed cultures have been carried out under negligible 
growth. The highlights of this chapter are:  
- PHA composition is not necessarily constant throughout the PHA accumulation 
process. 
- The ratio of 3HB:3HV evolution relies on complex regulation mechanisms which are 
associated with cell growth and generation of reducing equivalents. 
- Biomass growth rate seems to be sensitive to energy related pathways (oxidative 
phosphorylation and cell maintenance) which in turn influences 3HB:3HV ratio. 
A more detailed model describing 3HB and 3HV evolution in a system with concurrent 
growth and storage is presented in Chapter 6. 
 
 Introduction 5.1
Polyhydroxyalkanoates (PHAs) are biobased and biodegradable polyesters. They can exhibit 
similar mechanical properties to those of commercial polyolefins, such as polypropylene. 
They are attractive materials for applications where biodegradability is a requirement. The 
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use of mixed microbial cultures (MMCs) for PHA production has been proposed for a 
number of reasons, including: (i) no sterilisation requirements (ii) robust to the use of cheap, 
renewable and fermented waste substrates, and (iii) potential to produce a diverse range of 
chemical compositions and hence mechanical properties (Laycock et al. 2013). 
PHAs are most typically synthesised in MMCs from volatile fatty acids (VFAs), through 
well-described metabolic pathways (Filipe et al. 2001, Taguchi et al. 2005). In the specific 
case of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), acetic and propionic acids 
are transported though the cell membrane and converted into acetyl-CoA and propionyl-CoA 
respectively. PHA synthesis then takes place in three steps. Firstly, two acyl-CoA molecules 
are condensed in a reaction catalysed by a thiolase to produce various intermediates. For 
example, two acetyl-CoA monomers form acetoacetyl-CoA (3-hydroxybutyrate (3HB) 
precursor), while one acetyl-CoA and one propionyl-CoA combine to form ketovaleryl-CoA 
(3-hydroxyvalerate (3HV) precursor) (Dias et al. 2008, Escapa et al. 2012). Secondly, a 
reduction, catalysed by a reductase, produces 3-hydroxyalkanoate (3HA) monomers, with the 
reducing power to support PHA production being generated during anabolic pathways for cell 
growth, as well as in reactions related to the TCA cycle (Grousseau et al. 2013). Finally, a 
polymerase adds 3HA monomers to the PHA polymer. As such, the flux of carbon through 
the acyl-CoA intermediates influences the resulting polymer composition. It has also been 
observed that a portion of the propionyl-CoA produced is converted into acetyl-CoA though 
different pathways (Lemos et al. 2003). 
That said, the proportion of 3HV monomer units in the final poly(R-3-hydroxybutyrate-co-R-
3-hydroxyvalerate) (PHBV) copolymer can be manipulated by adjusting the proportion of 
even-chain to odd-chain fatty acids in the feed composition (Gurieff 2007, Serafim et al. 
2008, Albuquerque et al. 2011), since odd-chain fatty acids are generally required for the 
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formation of propionyl-CoA and consequently for synthesis of 3HV units. Diverse monomer 
compositions and sequence distributions of PHBV copolymers produced by MMC have been 
achieved using different feeding strategies with acetic and propionic acid mixtures (Ivanova 
et al. 2009, Arcos-Hernández et al. 2013).  
Most MMC accumulation studies have been applied under conditions of some form of 
nutrient starvation in order to favour PHA synthesis. Different microorganisms have been 
proven to have separation between growth phase and PHA accumulation phase under N or P 
limitation. While other strains can accumulate PHA at a certain extent when there is active 
biomass growth and improved PHA accumulation when active biomass growth is limited 
(Lopar et al. 2013). The species present in waste water have been found to display high PHA 
formation rates without any nutrient limitation. Mixed microbial cultures possess a clear an 
advantage which needs to be exploited (Valentino et al. 2015). Shifts in the active biomass 
growth rates may influence carbon flux through the acyl-CoA intermediates and the 
availability of reducing equivalents for PHA synthesis, and therefore effect polymer 
production and composition. 
Literature on MMC PHA production coupled with high rate cell growth is scant; there are no 
models that have attempted to describe whether the new active biomass is synthesised from 
acetyl-CoA or propionyl-CoA. Existing metabolic models assume that the use of acetyl-CoA 
and propionyl-CoA for active biomass synthesis is proportional to the acetic and propionic 
acid uptake (Jiang et al. 2011). These models are based on the metabolic approach described 
by van Aalst-van Leeuwen et al. (1997) and are a set of empiric equations to describe volatile 
fatty acid uptake and polymer production (Dias et al. 2005, Johnson et al. 2009), and 
monomer composition (Jiang et al. 2011). 
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Alternative models use principles of metabolic flux analysis to predict the intracellular 
reaction rates and describe PHA dynamics and monomer composition (Dias et al. 2008, 
Pardelha et al. 2014). Such analyses use a constraint-based approach to model 
underdetermined metabolic networks (Orth et al. 2010). Optimization methods are then used 
to minimise or maximise a given metabolic objective, which must be defined beforehand, 
with constraints in terms of reaction stoichiometry, reaction irreversibility, and experimental 
flux data. Simulations of existing models have successfully fitted data on PHA productivity 
and even monomer evolution in some cases. But these existing models assume a ratio for 
3HB:3HV production that is dependent on the feedstock composition, which is constant 
during the accumulation process. The potential for biomass growth and other processes to 
affect the generation of reducing equivalents as well as to directly influence the composition 
of intracellular acyl-CoA reservoirs and hence consequent monomer production has not been 
examined; the existing model frameworks are in contrast to experimental data that do show 
shifts in co-polymer content during fed-batch MMC PHA accumulation (Arcos-Hernández et 
al. 2013). Therefore the 3HB:3HV ratio during accumulation should not simply be a 
parameter dependent on the feedstock water quality. It should also be affected by the history 
of the accumulation and the resulting metabolic activity in the biomass. 
Therefore the aim of this chapter is threefold: (i) to examine 3HB and 3HV monomer 
evolution through PHA accumulation, giving consideration to the effect of biomass growth 
and alternating feedstocks on this process, (ii) to assess the experimental results within the 
framework of the published modelling approaches, and (iii) to identify shortcomings in the 
existing models for cases where the evolution in polymer composition is not constant in time. 
To this end, monomer development through 4 sets of PHA accumulation experiments (based 
on the feeding regime) was investigated: Set 1: acetic acid (HAc) feed; Set 2: propionic acid 
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(HPr) feed; Set 3: mixed HAc and HPr feed; Set 4: alternating HAc HPr feed. Concurrent 
biomass growth and carbon storage was encouraged in each set. 
 Materials and Methods  5.2
 Experimental Set-up  5.2.1
PHA was produced at pilot scale at AnoxKaldnes AB using a three stage process that had 
been in continuous operation from 2008 to 2013 at the time of this study (Arcos-Hernández et 
al. 2013), with biomass grown on fermented dairy wastewater. The details of this process can 
be seen in Chapter 4.  
 Experimental Design for PHA Accumulation  5.2.2
The full set of PHA accumulation (third stage) experiments are summarised in Table 4.1. For 
this chapter four experiments (replicated) were considered. Set 1 used a single acetic acid 
(HAc) substrate; Set 2 used a single propionic acid (HPr) substrate; Set 3 used a mixed HAc 
and HPr substrate fed simultaneously in equal COD ratios; while in Set 4 the acids were 
supplied in alternating pulses. 
 Rate and Yield Calculations  5.2.3
Active biomass (X) was determined as the total concentration of biomass, measured as 
volatile suspended solids (VSS), subtracting the PHA concentration (PHAt): 
  	VSS	mg	VSS/L	– 	  	mg	PHA/L  
PHA intracellular content (%PHA) was calculated as the PHA concentration divided by the 
volatile suspended solids concentrations on a mass basis. 
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%   		$%	 /L&&	$%	/L 	 
PHA fraction was measured as PHA concentration divided by active biomass concentration 
on a COD basis. 
'    	$%()*	 /L	$%()*	/L  
For PHA concentration at a given time (PHAt), only the PHA produced during the 
accumulation process was considered. Therefore, the measured PHA concentration (PHAt) 
was corrected by subtracting the initial measured PHA content (PHA0). Typically the initial 
biomass PHA content (%PHA0) was between 0 to 4%. 
Experimental data for the total amount of VFA consumed, PHA polymer (PHAt) stored and 
active biomass (X) synthesised were fitted using global nonlinear regression in GraphPad 
Prism (v.6.0.5). This analysis was performed using an exponential growth model (one phase 
association) (Motulsky 2007). The batch process mass balance accounted for input feed 
dosing volumes as well as sampling withdrawal volumes. Kinetic rates and yields were 
calculated from fitted data as follows: 
Acetic (+' and propionic acid +' specific consumption rates and specific monomer 
3HB and 3HV production rates: +',	and +'-, respectively, were calculated with reference to 
active biomass (X) concentration: 
+'   / − /123 − 312 ∙  							+' 
 / − /123 − 312 ∙   
+',  35 − 35123 − 312 ∙  								+'- 
3 − 3123 − 312 ∙   
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+6  +' + +'  
The instantaneous relative rate change in 3HV monomers (%3) was calculated relative 
to the total PHA specific production rate on mole basis. 
%3  	 +'-	$89	3 ∙ ℎ12 ∙ 12+' 	$89	 ∙ ℎ12 ∙ 12 
+'  +', + +'- 
As previously reported (Janarthanan et al. 2015), a linear correlation was obtained between 
gCOD PHA produced versus total substrate consumed (also in gCOD) and the yield (YPHA/S) 
in gCOD PHA/gCOD S at 20 hours was determined (0.968 < r2 < 0.998). This time point was 
selected for consistent comparison between runs as all accumulations had reached at least 
98% of plateau PHA content by this time. Likewise, plots of active biomass (in gCOD X) 
versus time were represented by linear regression to a linear quadratic equation, and the yield 
(YX/S) in gCOD X/gCOD S at 20 hours was determined. The 95% confidence intervals 
associated with all the determined stoichiometric and kinetic parameters were estimated using 
error propagation formulae. The values were also converted to Cmol basis. 
Maximum specific growth rate (µmax) was calculated according to the re-parameterisation of 
the empirical expression applied to growth curves developed by Gompertz (Zwietering et al. 
1990). Analysis was performed in SigmaPlot (Systat Software, v.12) plotting ln(X/X0) versus 
time (0.938 < r2 < 0.989). 
Maximum specific VFA consumption rate (qS, Cmol-VFA·Cmol-X-1·h-1) and maximum 
specific PHA storage rate (qPHA, Cmol-VFA·Cmol-X-1·h-1), were determined from the trends 
in the experimental data during the exponential growth phase. The ratio of PHA 
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concentration and total VFA consumed divided by the active biomass concentration at that 
time were plotted over time, calculating the first derivative. 
 Estimation of fluxes 5.2.4
Metabolic flux analysis (MFA) was performed in order to investigate the effect of VFA 
composition and the feeding strategy on active biomass growth and PHA (3HV and 3HB) 
monomer formation kinetics. 
MFA provides a metabolic flux map with the contribution of each reaction in the overall 
process. The implementation of MFA undergoes four main steps: (1) establish the metabolic 
network; (2) impose constraints which include steady state material balances over 
intracellular metabolites, reversibility of metabolic reactions, and other constraints arising 
from problem specific measured variables; (3) couple constrains and measured rates and, (4) 
calculate flux distribution. 
The metabolic network used in this work was based on previously published models (Dias et 
al. 2008, Pardelha et al. 2014). 
 Metabolic network 5.2.4.1
The metabolic network on which the model is based is summarised in Figure 5.1. The 
reactions R9 and R10 (Figure 5.1, Table 5.1) describe the conversion of acetyl-CoA and 
propionyl-CoA into PHA precursors, where acetyl-CoA* and propionyl-CoA* are 
representations of molecules which have undergone the first two steps of PHA synthesis 
(condensation and reduction) (Filipe et al. 2001, Dias et al. 2008). Subsequently, PHA 
precursors are polymerised to form the biopolymer (PHB and PHV), with two units of acetyl-
CoA* forming one 3HB molecule, and one unit of acetyl-CoA* and one of propionyl-CoA* 
forming one molecule of 3HV. The cells obtain energy from adenosine triphosphate (ATP), 
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which is generated by the oxidation of NADH, and the efficiency of ATP production is 
represented by the phosphorylation efficiency (P/O) ratio (δ), which is assumed to be 2 mol 
ATP/ mol NADH (R8, Figure 5.1and Table 5.1). 
 
 
Figure 5.1 Metabolic network for PHBV synthesis and biomass production, adapted from 
(Pardelha et al. 2014). Light blue dotted squares represent external metabolites; white dotted 
squares represent internal metabolites. 
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Table 5.1. Metabolic network for PHA processes by microbial mixed cultures used in the present work (Pardelha et al. 2012) 
 
Reactions  HAc HPr AcCoA PrCoA O2 NH3 ATP NADH CO2 AcCoA* PrCoA* X 3HB 3HV Flux 
R1 Acetic acid uptake -1 - 1 - - - -1 - - - - - - - vHAc 
R2 Propionic acid uptake - -1 - 1 - - -0.67 - - - - - - - vHPr 
R3 Propionyl-CoA Decarboxylation - - 1 -1.5 - - - 1.5 0.5 - - - - - v3 
R4 Active biomass from Acetyl-CoA - - -1.27 - - -0.2 -1.7 0.53 0.27 - - 1 - - v4 
R5 Active biomass from Propioyl-CoA - - - -1.06 - -0.2 -1.38 0.47 0.06 - - 1 - - v5 
R6 TCA - - -1 - - - 0.5 2 1 - - - - - v6 
R7 Maintenance - - - - - - -1 - - - - - - - ? 7 
R8 Oxidative phosphorylation - - - - -0.5 - δ -1 - - - - - - v8 
R9 Acetyl-CoA* formation - - -1 - - - - -0.25 - 1 - - - - v9 
R10 Propionyl-CoA* formation - - - -1 - - - -0.167 - - 1 - - - v10 
RHB 3HB monomer formation - - - - - - - - - -1 -  1 - vHB 
RHV 3HV monomer formation - - - - - - - - - -0.4 -0.6  - 1 vHV 
δ – Oxidative phosphorylation efficiency; HAc – acetic acid; HPr – propionic acid; AcCoA – acetyl-CoA; PrCoA – propionyl-CoA; O2 – oxygen; NH3 – 
ammonium; ATP – adenosine triphosphate; NADH – nicotinamide adenine dinucleotide (reduced); CO2 – carbon dioxide; AcCoA* – reduced form of acetyl-
CoA; PrCoA* – reduced form of propionyl-CoA; X – active biomass. The biomass formula is assumed CH1.4O0.4N0.2. All stoichiometric coefficients are given 
in Cmmol.
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 Metabolic flux analysis (MFA) 5.2.4.2
Metabolic flux analysis (MFA) is a methodology that combines knowledge about cell 
metabolism and a set of known fluxes (	;) for the estimation of those fluxes that have not 
been measured (	<). It uses a stoichiometric model (&) (Table 5.1) for the main intracellular 
reactions and applying mass balances for the intracellular metabolites around the fundamental 
equation of MFA. A pseudo-steady state is assumed, where no net accumulation of 
intracellular metabolites takes place, and a homogenous system of linear equations is 
obtained (Stephanopoulos 1998), where Se and Sm are the associated stoichiometric matrices 
for the estimated and measured vectors, respectively:  
&< ∙ 	< + &; ∙ 	;  0 
The metabolic model consists of 12 reactions (Table 5.1), 6 intracellular metabolites (acetyl-
CoA, propionyl-CoA, acetyl-CoA*, propionyl-CoA*, ATP, and NADH), 4 substrates (HAc, 
HPr, O2, and NH3), and 4 end products (3HB, 3HV, X, and CO2). The steady state material 
balances for the 6 intracellular metabolites can be found elsewhere (Dias et al. 2008). 
The system of equations has six degrees of freedom (DF) as given by : DF = J − C = 12 − 6 = 
6, where J is the number of reactions in the metabolic network, and C is the number of 
pathway intermediates in pseudo-steady state assumption (Villadsen et al. 2011). Therefore 
six rates needed to be defined in order to estimate the remaining six. A total of seven were 
defined (VFA consumption rates, PHA monomers storage rate, oxygen uptake rate, active 
biomass synthesis rate, and ammonium consumption): 
	; 	 >	' , 		', 		?, 		@, 		A, 	B, 	',,		'-,		C'D	EF 
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The system is overdetermined, with one degree of redundancy, which made it possible to 
estimate the experimental errors in measurements. The remaining fluxes were estimated by 
solving the general MFA equation: 
	<  	−	G&<12 ∙ &;H ∙ 	; 
The following constraints and assumptions were set: 
• Active biomass can be formed either from acetyl-CoA or propionyl-CoA. Previous 
models were performed under ammonia limiting conditions with negligible cellular 
growth (Dias et al. 2008, Pardelha et al. 2012). In the present work we assumed that 
fluxes of acetyl-CoA and propionyl-CoA used for active biomass (		@, 		A) synthesis 
are proportional to the consumption rate of acetic and propionic acid (	' , 		') 
(Jiang et al. 2011). 
  		'		' + 		' 
	@	A 
1−   
• Reactions R9, R10, RHB, RHV are reversible, the rest are irreversible reactions. 
• The maintenance requirement (	J) was an estimated flux while the P/O ratio was 
fixed (δ=2). 
• PHA degradation was not considered. 
Biomass was divided into two compartments: PHA (as 3HV and 3HB) and active biomass 
(X). PHA was considered as a metabolite with slow dynamics (Franz et al. 2011), and set as 
external in the CellNetAnalyzer (v. 2014.1) toolbox for Matlab (Klamt et al. 2007). 
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 Results and Discussion  5.3
 Biomass Growth and PHA Content 5.3.1
The experiments conducted as a basis for this study were designed to follow the time 
evolution of PHA storage and active biomass growth. 
The extent of production of active biomass was variable between the experiments, and active 
biomass concentrations were still increasing in some cases even after >20 hrs (Figure 5.2, 
Table 5.2), particularly for Exp 4 (alternating acetic and propionic acids). The cumulative 
yields of active biomass with respect to substrate consumed were similar for all feeding 
strategies as seen in Table 5.2. Although higher maximum specific growth rates were 
achieved for accumulations where acetic acid was present at all times (Exp set 1 with 100% 
HAc and Exp set 3 with 50/50% HAc/HPr), active biomass growth rates attenuated sooner 
for those accumulations. Active biomass production and PHA content in the biomass for 
representative experimental sets 3 and 4 are shown in Figure 5.2 (experimental data for sets 1 
and 2 can be seen in Appendix A). 
With regard to PHA fraction evolution, higher PHA yields and higher PHA fractions were 
achieved in those accumulations with alternating substrates (Exp set 4), with one 
accumulation (Exp 4) maintaining an increasing PHA fraction even after 22 hours of 
accumulation. 
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Figure 5.2. Experimental data for PHA fraction and relative active biomass production; (a) 
Experimental set 3: 50% acetic acid and 50% propionic acid fed simultaneously; (b) 
Experimental set 4: 100% acetic acid alternating with 100% propionic acid. , – PHA 
fraction respect to active biomass concentration fPHA (PHA/X). , – Active biomass 
concentration respect to the initial biomass concentration (X/X0). Dotted lines represent fitted 
data. Coefficients are given on gCOD basis. 
(b) 
(a) 
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1 1.0 0 0.56 ±0.04 0 0.48 ± 0.02 0.17 ± 0.03 0.27±0.03 0.75 0.33 
1′ 1.0 0 0.48±0.06 0 0.38 ± 0.04 0.15 ± 0.01 0.21±0.02 0.80 0.36 
2 0 1.0 0.40±0.04 74 0.31 ± 0.03 0.16 ± 0.03 0.18±0.02 0.33 0.11 
2′ 0 1.0 0.48±0.03 80 0.40 ± 0.07 0.18 ± 0.03 0.13±0.02 0.33 0.18 
3 0.64 0.36 0.48±0.06 40 0.39 ± 0.03 0.17 ± 0.05 0.35±0.05 0.63 0.19 
3′ 0.64 0.36 0.52±0.03 42 0.45 ± 0.03 0.12 ± 0.05 0.27±0.05 0.40 0.19 
4 0.72 0.28 0.59±0.03 34 0.52 ± 0.03 0.18 ± 0.02 0.22±0.02 0.37 0.23 
4′ 0.64 0.36 0.52±0.06 36 0.49 ± 0.03 0.20 ± 0.02 0.19±0.02 0.45 0.20 
All data in table recorded as ± 95% confidence interval where possible 
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 Monomer Development  5.3.2
The polymer composition over time during the accumulations is shown in Figure 5.3a, while 
the flow of carbon to 3HV relative to PHA overall at each time point (the instantaneous HV 
fraction) is shown in Figure 5.3b. The trends of replicate runs all matched well with the 
originals in terms of monomer development; however the final 3HV content differed slightly 
from run to run. 
Experiment Set 1 was performed using acetate as the single substrate, and as a result only 
3HB monomers were produced. In all other experiments, the formation rates of 3HV 
monomers within the polymer were also measured. Overall the formation rates of 3HV 
relative to the formation of PHA decreased with time (Figure 5.3b). Du et al. (2001) also 
found that the specific 3HV production rate declined in fed-batch cultures of Cupriavidus 
necator fed with mixtures of glucose and propionic acid (Du et al. 2001). 
Experiment Set 2 was conducted using propionic acid as sole carbon substrate. As shown in 
Figure 5.3a, 3HV dominated in the early stages of the accumulation, reaching a maximum (at 
around 0.90 on a mole % basis) at 6 h. Also, the flux of carbon to HV relative to PHA overall 
(the instantaneous 3HV fraction) was at a maximum in the early stages and decreased 
gradually (Figure 5.3b). 
For accumulations with mixed substrates (Set 3), the highest fluxes of carbon to 3HV relative 
to PHA overall were obtained in the first two hours of accumulation (with an instantaneous 
3HV fraction of up to 0.72 on a mole % basis) (Figure 5.3b). Given that the fraction of 
propionic acid consumed fPr remained constant at 0.36 (on a mole % basis), it seems that 
most of the propionic acid added was converted into 3HV monomers which then 
polymerised, while the acetic acid was taken up to produce active biomass or for cell 
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maintenance. However, the instantaneous 3HV fraction decreases linearly with time until 6-8 
hours, where the values of fPr and %3HVinst matched and also coincides with the end of 
exponential growth phase. When active biomass growth rate reached a plateau, most of the 
propionic acid consumed is now decarboxylated and used to form acetyl-CoA and then used 
to synthesise 3HB units or enter the TCA cycle. The flow to 3HV relative to PHA overall 
decreased further and was close to zero by the end of the accumulation. 
In contrast, the instantaneous 3HV fraction in experiment Set 4 was almost constant 
throughout the duration of the experiment. Using an alternating pulse feeding strategy of 
acetic and propionic acids, the fraction of propionic acid consumed and the instantaneous 
3HV fraction coincided and were maintained within the same values. Overall, concurrent 
PHA storage and active biomass growth resulted in a dynamic trend in polymer composition, 
except for the alternating feeding strategy. 
Current models for mixed culture PHA production using acetic and propionic acids as 
substrates consider that the proportion of 3HV monomer units in the copolymer obtained 
changes in proportion to the relative composition of the carbon feeds. This assumption has 
often adequately predicted 3HV:3HB molar composition in cultures with negligible cellular 
growth. However, when a shifting substrate strategy was applied, and moreover when cellular 
growth was maintained, even while maintaining a constant feed composition, then these 
models cannot predict the observations of the present investigation. 
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Figure 5.3. Evolution of 3HV fraction during PHA accumulation using different feeding 
strategies (a) accumulated 3HV fraction; (b) instantaneous 3HV fraction calculated from data 
regression. 100% propionic acid: , Exp 2 and , Exp 2’. 50% acetic acid and 50% propionic 
acid fed simultaneously: , Exp 3 and , Exp 3’. 100% acetic acid alternating with 100% 
propionic acid: , Exp 4 and , Exp 4’.  
(a) 
(b) 
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It is important to take into account that when substrates with odd number of carbons such as 
propionic acid are present in the culture (experiment Set 2-4), 3HB monomers can be formed 
through propionyl-CoA decarboxylation, which is difficult to track, making the prediction of 
the 3HB:3HV ratio complex. Furthermore, in the case where PHA accumulation is 
accompanied by simultaneous active biomass growth, this relationship becomes even more 
complicated because additional metabolic pathways are active. To help address this problem, 
an analysis of the carbon flux distribution through time was undertaken. 
 Carbon distribution  5.3.3
Figure 5.4 shows the calculated carbon flux distribution to PHA monomers, active biomass 
and carbon dioxide for the four experimental sets at various time points. The flux distribution 
of VFA consumption in Experiment sets 3 and 4 did not change with time (fAc and fPr are 
constant in time). 
One significant change that was observed was an increase in the proportion of carbon flux 
directed to carbon dioxide (CO2) production over time, mostly due to the carbon flux though 
the TCA cycle (R6) in all experiments. Acetic acid was calculated to be mostly feeding the 
TCA cycle, consequently leading to reductive power (NADH) formation. 
Comparing experiments with single substrates, more CO2 is generated when acetic acid is the 
only substrate compared with when propionic acid is used. The TCA cycle was calculated to 
be more active in Exp set 1 (100% acetic acid), because more energy is needed to metabolise 
acetic acid (given 1 mol ATP is necessary to produce 1 Cmol acetyl-CoA, while activating 1 
Cmol of propionic acid consumes only 0.67 mol ATP). In all experiments, it was found that 
as the PHA accumulations progressed, the decarboxylation rate increased, which is consistent 
with a high flux through the TCA cycle and CO2 production (Figure 5.5). For instance, by the 
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end of accumulations fed with propionic acid, the proportion of propionyl-CoA converted to 
acetyl-CoA was greater, with the fraction of propionyl-CoA channelled through 
decarboxylation being 0.49–0.55 initially and for the first 8 h of accumulation, increasing up 
to 0.81 by 20 hours. 
 
Figure 5.4. Carbon normalised fluxes for 3HV, 3HB, X and CO2 respect to substrate uptake 
rate. (a) Exp Set 1: 100% acetic acid; (b) Exp Set 2: 100% propionic acid; (c) Exp Set 3: 50% 
acetic acid and 50% propionic acid fed simultaneously; (d) Exp Set 4: 100% acetic acid 
alternating with 100% propionic acid. 
In experiment set 3, where propionic acid and acetic acid were fed simultaneously, 
continuous PHBV production with high 3HV content was expected. This is because 
continuous feeding of acetic acid is responsible for synthesis of 3HB monomers, while 
complementary feeding of propionic acid promotes 3HV monomer synthesis, minimising 
decarboxylation of propionyl-CoA to acetyl-CoA. Experimental data indicated that this 
a b 
c d 
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approach did produce higher 3HV content (%3HV) compared with experiment set 4 (with 
acetic and propionic acid as alternating substrates); however, from 5 hours onward, the 3HV 
content declined in Exp set 3. According to the MFA results, after 5 hours Exp set 3 showed a 
sharp increase of propionyl-CoA decarboxylation which was reflected in a rise in the 
proportion of 3HB monomer units (Table 5.3). 
The shifts in feeding between pulses of pure propionic and pure acetic acid in Exp set 4 led to 
the  synthesis of probable block copolymers or at least enriched segments within the 
copolymer containing PHB and PHV blocks (Arcos-Hernandez 2012). And although this 
feeding strategy resulted in constant instantaneous 3HV content, the MFA analysis showed 
that the PrCoA decarboxylation rate (	?) increased with time and was inconsistent within 
replicates (Table 5.3).  
Propionic acid was found to have a higher oxygen demand when acetyl-CoA is formed from 
propionyl-CoA decarboxylation (Lefebvre et al. 1997), leading to a decreased respiratory 
quotient The MFA results were in agreement with this expectation; Exp set 2 fed with 
propionic acid as a single substrate had a lower RQ compared with Exp set 1 (Table 5.3). 
However, for feeding strategies with mixed substrates (Exp set 3 and Exp set 4), the RQ was 
very similar and remained at similar values throughout the accumulation experiments. The 
latter observations agreed with the composition data: similar molar fractions of propionic acid 
in the feed for Exp set 3 and Exp set 4 resulted in a constant molar fraction of propionic acid 
uptake to total carbon uptake flux (fPr).  
PHA is believed to serve as carbon buffer to avoid carbon spilling in the form of CO2 when 
extra carbon resources are available. However, this process is controlled by a feedback loop, 
in that acetyl-CoA* and propionyl-CoA* synthesis is inhibited by the intracellular PHA 
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content (Dias et al. 2008), so that when PHA inside the cell is close to the maximum PHA 
fraction (fPHAmax), the biopolymer synthesis rate slows down.  
Our experimental data showed that VFA is being consumed despite a decrease in the PHA 
synthesis rate. In the model used in the present study, the extra carbon consumed was passed 
in a greater proportion to the TCA cycle for production of high energy molecules (ATP and 
NADH), and dissipated as ATP (Table 5.3). It should also be noted that no pathways for 
polymer consumption were included, although it is known that polymerisation and PHA 
consumption can occur simultaneously (Escapa et al. 2012) (Franz et al. 2011).  
Including depolymerisation reactions in the metabolic network would have increased the 
number of rates which needed to be measured to have a fully determined system and as such 
they were not evaluated in this study. The use of a more detailed metabolic network and the 
measurement of more reaction products (such as CO2, succinyl-CoA) may have made 
depolymerisation rates available, in line with results from Uchino and coworkers, who 
evaluated PHA production in pure cultures during periods of combined growth and storage 
(Uchino et al. 2007). 
Concerning active biomass synthesis, propionyl-CoA gives higher growth yields compared 
with acetyl-CoA (1.06 mol PrCoA produces 1 mol X, and 1.27 mol AcCoA generates 1 mol 
X, see Table 5.1). According to this MFA analysis, propionyl-CoA was diverted to cell 
growth and PHA production during the exponential phase growth (0 – ~8 hours) in those 
accumulations that had propionic acid present at all times (see Exp 2 and 3 in Figure 5.4b,d 
as examples), with propionyl-CoA having been shown to be the preferred substrate for active 
biomass growth by Lemos et al. (2006) and Jiang et al. (2011) However, at the end of all 
experiments, when the decarboxylation rate was high, acetyl-CoA units were converted into 
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3HB monomer units in the polymer. As a consequence, 3HV monomers are understood from 
the model framework to dominate in the early stages of accumulation, with their formation 
rate decreasing over time, while 3HB monomers formed from propionic acid increased. To 
understand this result, there needs to be some consideration of the role that the generation of 
reducing equivalents may play in controlling pathways to monomer unit production. 
Table 5.3. Propionyl-CoA decarboxylation fraction, respiratory quotient and energy dissipated 
estimated by MFA (with standard deviation in brackets) 













2 pulses - - 1.19 (0.03) 0.57 (0.45) 
2 hours - - 1.16 (0.03) 0.87 (0.46) 
5 hours  - - 1.13 (0.03) 1.32 (0.46) 
8 hours  - - 1.10 (0.04) 1.71 (0.45) 
12 hours  - - 1.07 (0.03) 2.34 (0.24) 
20 hours  - - 1.05 (0.04) 3.11 (0.44) 
2 
2 pulses 0.49 (0.12) 0.79 (0.03) 1.83 (1.36) 
2 hours 0.51 (0.10) 0.80 (0.02) 2.09 (1.19) 
5 hours  0.55 (0.08) 0.81 (0.01) 2.50 (0.90) 
8 hours  0.59 (0.06) 0.81 (0.01) 2.84 (0.67) 
12 hours  0.64 (0.03) 0.82 (0.01) 3.21 (0.43) 
20 hours  0.81 (0.03) 0.83 (0.01) 3.68 (0.08) 
3 
2 pulses 0.01 (0.01) 1.08 (0.06) 0.62 (0.38) 
2 hours 0.11 (0.01) 1.01 (0.03) 1.17 (0.26) 
5 hours  0.30 (0.02) 0.99 (0.02) 1.99 (0.18) 
8 hours  0.51 (0.01) 0.95 (0.01) 2.66 (0.08) 
12 hours  0.78 (0.04) 0.95 (0.00) 3.37 (0.04) 
20 hours  0.98 (0.02) 1.01 (0.08) 0.46 (0.28) 
4 
2 pulses 0.18 (0.12) 1.14 (0.11) 0.27 (0.04) 
2 hours 0.16 (0.01) 1.10 (0.10) 0.46 (0.19) 
5 hours  0.14 (0.18) 1.05 (0.08) 0.76 (0.59) 
8 hours  0.24 (0.16) 1.01 (0.05) 1.30 (0.49) 
12 hours  0.34 (0.15) 0.99 (0.03) 1.83 (0.35) 
20 hours  0.48 (0.05) 1.84 (0.46) 2.22 (0.68) 
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 Pathways for Generation of Reducing Power 5.3.4
There are three important cofactors involved in PHA synthesis and regulation: coenzyme-A, 
NADH/NAD+ and NADPH/NADP+ (Yu and Si 2004, Escapa et al. 2012). The relative 
concentrations of acyl-CoA and free coenzyme-A are critical in controlling metabolic 
pathways, in particular PHA storage. NADH participates in catabolic reactions, while 
NADPH has an important role in reductive biosynthesis such as PHA biopolymers and active 
biomass (Yu and Si 2004). 
The main routes to NADPH production are via the pentose phosphate pathway, the malic 
enzyme process, which feeds anabolic pathways (Fan et al. 2014), and from catabolic 
metabolism in the TCA cycle (Yu and Si 2004). NADH is generally produced in catabolic 
reactions like the TCA cycle, and is later used in the electron transport chain to provide 
protons for the generation of ATP in the oxidative phosphorylation process, by oxidising 
NADH back to NAD+. As NADH participates in a large number of reactions, assuming that 
is a completely balanced (internal) metabolite is not entirely correct (Shi et al. 1997). 
In reduced metabolic networks, NADPH is not considered separately. For the model by 
Pardelha et al. (2014) works under the assumption that there exists free interchange between 
the reducing equivalents NADPH and NADH (Kim et al. 2008). However, in PHA producing 
microorganisms like Cupriavidus necator (formerly known as Ralstonia eutropha), this 
transhydrogenase conversion is minor (Yu and Si 2004). 
PHA production is favoured when NADPH concentrations and NADPH/NADP+ ratios are 
high (Pardelha et al. 2012). In the model used in this current study, both PHA accumulation 
and energy production during oxidative phosphorylation require a source of reducing power. 
Therefore the metabolic processes where reducing equivalents (NADH) are formed become 
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key factors for biomass expression of PHA accumulating potential. Considering the processes 
outlined in Table 5.1, these are reactions related to cellular growth (R4 and R5), the TCA 
cycle (R6) and decarboxylation of propionyl-CoA to acetyl-CoA (R3). In this sense, 
fluctuations in active biomass growth and PHA synthesis activities could be related to 
changes in the flux though the TCA cycle and/or decarboxylation of propionyl-CoA. On the 
other hand, VFA uptake and cell growth have an ATP requirement which is met by the TCA 
cycle and the electron transport of the respiratory chain (Zeng et al. 1990) (Table 5.1). 
One limitation for maximising PHA yields is the regeneration of reducing equivalents 
(NADPH/NADH). MFA results showed that most of NADH was generated by TCA cycle. 
And according to the metabolic model, less reductive equivalents are necessary to produce 1 
Cmol of propionyl-CoA* than 1 Cmol of acetyl-CoA* (0.167 vs 0.25 mol NADH 
respectively). Therefore in order to produce 3HB monomer units, a greater amount of carbon 
must be directed to TCA cycle for NADH generation reducing equivalents (NADH). 
To investigate the role of these pathways for generation of reducing equivalents in evolution 
of copolymer composition, metabolic flux analysis (MFA) was performed at different stages 
of the accumulations for all the feed regimes tested (Experiment sets 1, 2, 3, and 4) (see 
Figure 5.5). 
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Figure 5.5. NADH generated and consumed at different stages of culture obtained by metabolic 
flux analysis (MFA). (a) Experimental set 3: 50% acetic acid and 50% propionic acid fed 
simultaneously; (b) Experimental set 4: 100% acetic acid alternating with 100% propionic acid. 
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In cultures fed with alternating substrates (Experiment 4, 4′), carbon fluxes for active biomass 
formation and 3HV monomer production remained constant during the accumulations (Figure 
5.4). As shown in Figure 5.5b, NADH generation rate by propionyl-CoA decarboxylation 
(R3) was kept low, to a level to cover energy production by TCA cycle requirements. On the 
other hand, in experiments with mixed acetic and propionic feeds (Exp 3 and 3′) it was 
calculated that when the active biomass growth rates attenuated, the decarboxylation rates 
increased markedly, and thus more acetyl-CoA units became available and the 3HB 
production rate could increase as a result. 
As mentioned previously, propionic acid has been shown to be the preferred substrate for 
active biomass formation. Production of pure 3HV was not possible; however, it was close to 
100% at the beginning of accumulations based on propionic acid alone (Exp set 2). It has 
been demonstrated that keeping an optimal active biomass specific growth rate enhances 
PHBV copolymer synthesis in Cupriavidus necator (Shimizu et al. 1999). However, at high 
specific cell growth rates, more substrate is used for active biomass formation and less is 
available for PHA production. The specific cell growth rate in the present study was 
relatively low compared to pure cell cultures, and the higher the specific growth rate, the 
higher the %3HV. Grousseau et al. (2013) found that a higher PHB yield on substrate was 
obtained when the Entner-Doudoroff pathway was active. This pathway produces NADPH 
and is linked to anabolic requirements. It supports the idea that maintaining cellular growth 
offers an alternative pathway to TCA cycle for NADPH generation and it favours PHA 
synthesis. 
When cells experienced a degree of cell growth limitation, a larger proportion of 3HB 
monomer units compared to 3HV monomers units was produced. In those cultures fed 
continuously with acetic acid (Exp 1 and 3), reductive equivalents can be directly generated 
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by acetyl-CoA pathway through the TCA cycle, which favours PHA production. Similar 
PHA fluxes were obtained using acetic or propionic acid as single substrates (Figure 5.4). But 
total PHA yield on substrate was higher for cultures exclusively fed with acetic acid than 
cultures fed with propionic acid as sole substrate (Table 5.2). However, compared with 
accumulations fed with propionic acid exclusively (Exp 2) or periodically (Exp 4), acetic acid 
as a feed did not stimulate concurrent active growth and storage as much as propionic acid. 
Previous MFA studies have suggested that when acetic and propionic acid are fed 
simultaneously, the catabolic activity (TCA) primarily depends on acetic acid uptake (Dias et 
al. 2008). According to the metabolic model, active biomass synthesis has a higher demand 
of ATP and NADH when it is generated from acetic acid rather than propionic acid. In 
further MFA calculations, the rate of active biomass synthesis is not considered as being 
proportional to the consumption rate of acetic and propionic acids. This has resulted in a non-
redundant MFA system, which showed that when acetic acid and propionic acids are fed 
simultaneously, most of the new active biomass is synthesised from propionic acid uptake. 
Future studies where more experimental rates are available (such as CO2) would be required 
to test this hypothesis.  
 Limitations of Existing Models 5.3.5
Overall, models for mixed culture PHA currently found in literature work within certain 
constraints. Two fundamental model parameters, the maintenance coefficient (mATP) and the 
P/O ratio, have been found to be strongly correlated, making their direct estimation 
complicated (Tamis et al. 2014). 
In order to predict variations in the 3HB:3HV ratio, models reported in the research literature 
have compensated for stoichiometric changes by varying oxidative phosphorylation 
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efficiency (P/O ratio) (Dias et al. 2008). Other models have fixed the P/O ratio for all 
experiments at a given set point and the mATP was estimated by fitting (Johnson et al. 2009).  
For fast growing systems, it has been stated that the P/O (δ) ratio influences the stoichiometry 
of the process to a large extent compared with the cell maintenance coefficient (Tamis et al. 
2014). Therefore the treatment of P/O in terms of a fixed stoichiometry is not necessarily 
valid for the case of actively growing microorganisms (Zeng et al. 1990).  
Current models neglect varying growth and corresponding adjustments to flux through the 
TCA cycle (except for Dias et al. 2008). Additionally, they consider that the P/O ratio 
remains constant during accumulation (Jiang et al. 2011, Pardelha et al. 2014). Further, the 
models directly link the set P/O ratio with the ratio of 3HB to 3HV in the polymer: Jiang, et 
al. (2011) calculated the maximum P/O ratio as a function of the fraction of 3HB in the 
polymer: 
V  4 ∙ %35 + 1617 ∙ %35 + 8 
where V is efficiency of oxidative phosphorylation and %3HB is given in Cmol 3HB/ Cmol 
PHA. 
On the other hand, the larger variation in mATP supports the use of a fixed P/O ratio and 
subsequent fitting of mATP (Tamis et al. 2014). However, more experiments in fast growing 
systems are necessary to verify this. 
Setting P/O and mATP as constants (Pardelha et al. 2014) or as a function of the fraction of 
3HB in the polymer makes it difficult to describe the fluctuations in the proportion of 3HV 
monomer units in the polymers that were observed through some of the PHA accumulations 
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in this work. Figure 5.3b shows that during accumulation using 100% propionic acid, the 
3HV fraction decreases with time. In accumulations fed with mixed substrates containing 
propionic acid under a continuous growth scenario, the flow of carbon to 3HV relative to 
3HB was not constant. These results, along with data on biomass growth, indicate that the 
extent of decarboxylation fluctuated during the course of the accumulation and that growth 
and consequently flux through the TCA cycle is dynamic. Additionally,  PHA accumulations 
in the present work were taken to the final stage of PHA accumulation, at which point cells 
were saturated in PHA. However, it was evident that cells kept their capacity for substrate 
uptake but not for PHA production. In this case, a variable to regulate carbon overflow can be 
introduced (Pardelha et al. 2014), or it is necessary to consider PHA degradation reactions in 
the modelling (Jiang et al. 2011). 
Following this line of interpretation, the present investigation suggests that different 
approaches can be considered to describe accumulation process where biomass acclimates to 
the feed and active biomass growth is concurrent to PHA storage metabolic activity. In this 
study, the P/O ratio was set and mATP was not a constant. This consideration keeps the model 
stoichiometry fixed and the carbon overflow at high PHA contents is accounted for, along 
with an increase in mATP. 
 Conclusions 5.4
This study presented an analysis of PHA accumulation processes by mixed cultures when 
adopting different feeding strategies which favour concurrent cellular growth and carbon 
storage. Although higher maximum specific growth rates were achieved in cultures fed 
continuously with acetic acid as a sole substrate or as part of a mixture, constant cell growth 
was not achieved. Significant changes to the instantaneous 3HV content were observed under 
most accumulation conditions, and such changes were not adequately described by existing 
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metabolic models. An alternating feeding strategy resulted in constant instantaneous 3HV 
content, despite the decarboxylation rate increasing with time, as shown by MFA 
calculations. Overall, the 3HV monomer production rate is high relative to total PHA 
production when the active biomass synthesis rate is high. A better description of the 
3HB:3HV fluctuations related to active biomass growth needs a more detailed metabolic 
network to take into account the reactions in which NADPH and NADH are formed. The 
model is developed in Chapter 6. 
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 Metabolic modelling of PHBV production in fed-batch 6
mixed cultures 
This chapter is a modified version of a paper prepared for publication in Water Research. The 
highlights are:  
The material balances and theoretical yields were derived and compared to those obtained for 
acetate and propionate uptake from the model published by Dias et al. (2008). The current 
model is able to describe the PHA production process from the uptake of single to complex 
mixtures of VFA. 
A new model describing biomass growth concurrent with PHA accumulation was produced, 
which was sufficiently detailed to consider 3HB and 3HV production as a function of 
metabolic state. 
Metabolic flux analysis (MFA) to reveal carbon fluxes during PHA accumulation, given 
substrate consumption, growth and PHA accumulation as model inputs. 
Flux balance analysis (FBA) to reduce degrees of freedom, to attempt to predict monomer 
production based on substrate uptake and biomass growth, although it was found that the 
model outputs are highly sensitive to minor shifts in flux. Elemental Mode Analysis (EMA) 
revealed a very complex matrix of possible metabolic states; simplifying the matrix for FBA 
was only effective in some cases, generally through the early stages of accumulation. 
The potential for shifts in microbial community to also effect copolymer composition is 
explored in Chapter 7. 
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 Introduction 6.1
As already described, the use of mixed microbial cultures (MMCs) for polyhydroxyalkanoate 
(PHA) production is an attractive proposition for a range of reasons including: (i) no 
sterilisation requirements (ii) robust to the use of cheap, renewable and fermented waste 
substrates, and (iii) potential to produce a diverse range of chemical compositions and hence 
mechanical properties (Laycock et al. 2013). However, there is a gap in the literature with 
respect to understanding and modelling the fluxes in copolymer composition and biomass 
productivity that occur under conditions of simultaneous growth and biopolymer 
accumulation, in both pure and mixed cultures.  
Models that describe productivity (both from a polymer and biomass perspective) and 
copolymer composition in these biological systems are important for advancing the 
fundamental understanding of PHA microbial synthesis. By establishing a link between 
substrate uptake rates and their relative rates of conversion to monomer units in PHA 
copolymers, the evolution of the polymer composition and microstructure might ultimately be 
predicted, and tied back to the effect of operational variables. 
Models of increasing sophistication have been developed over the years. The activated sludge 
model No. 3 (ASM3) was the first kinetic model that considered the synthesis of storage 
compounds in activated sludge systems; however, this model considered that growth takes 
place on these storage polymers only (Gujer et al. 1999). A modified model structure based 
on ASM3, whereby growth on both external substrate and stored carbon takes place, was 
applied to describe the aerobic heterotrophic storage of acetate as polyhydroxybutyrate 
(PHB) in a pulse-fed SBR (Krishna and Van Loosdrecht 1999). This modified ASM3 model 
in which growth on external substrate (acetate) is allowed has been the basis for the 
development of improved mathematical models of microbial mixed cultures since then. 
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In a more complex adaptation, van Aalst-van Leeuwen et al. (1997) proposed a metabolic 
model of seven metabolic reactions for the production of PHB from acetate by a pure culture 
of Paracoccus pantotrophus. This metabolic model provided a more mechanistic description 
of the polyhydroxyalkanoate (PHB) production process and it was soon after applied to 
activated sludge cultures (Beun et al. 2000, Beun et al. 2002) which allowed the calculation 
of more reliable theoretical yields and maintenance coefficients. In such modelling of mixed 
culture PHA production systems, the protocol that has been adopted is to consider mixed 
cultures as a single culture. 
Adopting this approach, Dias et al. (2005) extended the model to include a set of empiric 
equations to describe acetic acid uptake, residual biomass growth and PHB production. As 
the production of the co-polymer PHBV is more advantageous given its mechanical 
properties (Laycock et al. 2013), the model was extended to include the case of mixed 
substrates (acetic and propionic acid) for the production of PHBV (Dias et al. 2008). One 
feature of this model is that it considers the maintenance coefficient (mATP) to be constant 
whereas the phosphorylation efficiency (P/O ratio) was fitted based on experimental data; 
mATP and P/O ratio are closely related, complicating independent identification of these 
parameters. On the other hand, Johnson et al. (2009) set the P/O ratio for all experiments and 
the mATP was estimated by fitting. The larger variation in mATP supports the use of a fixed P/O 
ratio and subsequent fitting of mATP (Tamis et al. 2014). Significantly though, in these models 
growth was limited as no nitrogen source was supplied. 
Jiang et al. (2011) proposed a model that described the accumulation of PHBV under active 
biomass growth conditions. However, in all cases the copolymer composition (i.e. the 
proportional fraction of 3HB and 3HV monomers in the PHBV copolymer as produced) was 
assumed to remain constant throughout the accumulation. 
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Alternative models used principles of flux balance analysis (FBA) combined with process 
kinetics to predict the intracellular reaction rates and to describe the dynamics of PHA 
accumulation and copolymer composition based on VFA feed (Dias et al. 2008, Pardelha et 
al. 2014). Dias et al. (2008) predicted 3HB:3HV monomer composition from acetic and 
propionic mixtures, considering that the propionyl-CoA decarboxylation rate is proportional 
to the propionic acid uptake fraction. By contrast, Pardelha et al. (2014) predicted copolymer 
composition from complex VFA mixtures introducing a cybernetic variable to correct 
product formation rates of 3HB and 3HV precursors. However, again, all experiments were 
performed under negligible cell growth conditions. To date, there are no models for PHA 
production that couple PHA accumulation with cell growth. 
Considering that a maximal theoretical yield of PHB (YPHB/S) is reached when active biomass 
growth is sustained (Grousseau, Blanchet et al. 2013), and that increased biomass production 
coupled to high PHA production rates leads to increased PHA yields overall, models need to 
take cell growth into account.  
Even in the case of limited cellular growth, experimental data indicates that the assumption 
that the copolymer composition is constant throughout the accumulation is apparently not 
always valid (Arcos-Hernández et al. 2013). However, the effect of biomass growth on the 
pools of acyl-CoA and consequent monomer production is not known. 
In addressing this issue, metabolic models have advantages over a black box descriptions of 
inputs and outputs, providing a more mechanistic approach to the modelling of processes that 
are strongly dependent on the physiological state of the cell (Barrera-Martinez et al. 2011). 
System modelling and identification supported by metabolic models are commonly used in 
order to recognise synergetic combinations of substrates and feeding strategies which 
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optimise fermentation conditions for higher product yields. In the case of PHA storage, 
intracellular metabolite ratios (AcCoA/CoASH and NADPH/NADP+) have been shown to 
play a key regulatory role (Leaf and Srienc 1998). For instance, PHB production requires 
acetyl-CoA and reducing power (NADPH), whereas active biomass synthesis requires acetyl-
CoA and ATP (and some NADPH) (Leaf and Srienc 1998). Thus, the distribution of acetyl-
CoA between these two pathways should depend on the availability of NADH and ATP. For 
this reason it is desirable to include these metabolites in a predictive or descriptive model. In 
such models, it is assumed that biomass growth and PHA storage rates are a result of electron 
and carbon fluxes directed by kinetic and stoichiometric variables (Third et al. 2003). In 
addition, it is known that PHA production is primarily a result of oxidative reactions, which 
are controlled by soluble carbon and oxygen uptake rates. The formation of PHA is an 
oxygen-dependant process and its concentration is critical for enhanced PHA production 
(Vargas et al. 2014).For that reason, a metabolic model was developed in this study that took 
into account PHA storage with concurrent cellular growth. The model describes dynamics for 
NADH and NADPH and estimates maintenance coefficient while fixing P/O ratio. This work 
builds on the model outlined in Chapter 5 by more thoroughly describing growth and PHA 
accumulation, to an extent that enables the identification of carbon flux through the pathways 
for generation of reducing equivalents. The well-established methods of metabolic flux 
analysis and flux balance analysis modelling were used to examine the ability of a mixed 
microbial culture to produce PHA biopolymers using single, sequential or simultaneous 
uptake of acetic and/or propionic acid.   
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 Development of metabolic network 6.2
 Conceptual model 6.2.1
In Chapter 5 a simplified growth and accumulation model was presented. In this chapter a 
new, more sophisticated model is developed. The new model is based on the model 
developed by Yu et al. (2004) for PHA synthesis on short chain fatty acids by Cupriavidus 
necator (formerly known as Ralstonia eutropha), but is extended by incorporating the 
reactions for active biomass synthesis as proposed by Franz et al. (2011) for the same 
microorganism. The model in Chapter 5 only considered 12 processes; this new model 
consists of 38 reactions, 31 intermediate metabolites, 4 substrates (HAc, HPr, NH3, and O2), 
and 4 products (PHB, PHV, active biomass X, and CO2) (Figure 6.1, Table 6.1). For the 
formation of 1 g of active biomass, assuming the approximate molecular formula 
CH1.8O0.5N0.2 (Jiang et al. 2011), 14 intracellular metabolites were required (Franz et al. 2011) 
as shown in R38 (Figure 6.1, Table 6.1). Active biomass (X) is assumed to be linearly 
correlated with the nitrogen source consumed (NH3). 
The model also describes the carbon flux for both monomers 3HV and 3HB synthesised from 
acetyl-CoA (C2) and propionyl-CoA (C3). The central metabolic pathways comprise the 
tricarboxylic acid cycle (TCA), the glyoxylate shunt, the gluconeogenesis pathway, and the 
pentose phosphate pathway (Figure 7.8). The pathway for propionyl-CoA assimilation for 
biomass formation can follow different pathways: the methyl-citrate cycle, the 
methylmalonyl-CoA pathway, hydroxyglutarate pathway, the citramalate pathway, and the 
acryloyl-CoA pathway pathways (Grousseau et al. 2013). All pathways result in the 
conversion of propionyl-CoA to acetyl-CoA and the overall mass and reducing power 
conversions are equal (Dias et al. 2008) through each pathway. The most reviewed pathway 
is the methyl-citrate route, and this is assumed to be the functional pathway for propionyl-
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CoA assimilation in this study (R4, R5 Figure 6.1). Methylmalonyl-CoA pathway (R3) is an 
alternative pathway used by Dias et al (2008) and Pardelha et al. (2012) that produces the 
TCA cycle intermediate succinyl-CoA. However it is a pathway that is active under anaerobic 
conditions. Two pathways were considered in this study as feeding the gluconeogenesis 
requirements for C3/C4 metabolism: 1) the decarboxylation of malate to form pyruvate, 
which is then converted to phosphoenolpyruvate (R20, R21), and 2) the decarboxylation of 
oxaloacetate into phosphoenolpyruvate (R22) (Yu and Si 2004).  
The NADPH required for active biomass and PHA synthesis is generated by other reactions: 
(1) conversion of glucose-6-P during to ribose-1,5-P in order to feed the pentose phosphate 
pathway (R26) (Franz et al. 2011); (2) malate conversion to pyruvate by the malic enzyme 
(R20), that then feeds the pentose phosphate pathway (Grousseau et al. 2013); and (3) 
isocitrate conversion to α-ketoglutarate during the TCA cycle (R13) (Yu and Si 2004). The 
ATP requirement for biomass maintenance (R35=mATP) was set at 0.885 mmol ATP/gX·h 
according to Pardelha et al. (2012).  
In this work, 7 fluxes were measured (rHAc, rHPr, rX, rNH3, rO2, rHB, rHV), therefore the system 
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Figure 6.1. Metabolic network 
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 Biochemical reactions 6.2.2
Table 6.1. Metabolic network 
 
Fatty acid activation:  
(1) HAc + ATP + CoASH ==> AcCoA 
(2) HPr + ATP + CoASH ==> PrCoA 
(3) ATP + CO2 + PrCoA ==> SucCoA  
 
Methyl-citrate cycle: 
(4) PrCoA + OAA ==> CoASH + PYR + SUC 
(5) CoASH + PYR ==> AcCoA + NADH + CO2 
 
PHA synthesis: 
(6) 2 AcCoA <==> CoASH + AcAcCoA 
(7) AcCoA + PrCoA <==> CoASH + PrAcCoA 
(8) AcAcCoA + NADPH <==> D-ButCoA 
(9) PrAcCoA + NADPH <==> D-ValCoA 
(10) D-ButCoA <==> CoASH + HB 
(11) D-ValCoA <==> CoASH + HV 
 
Tricarboxylic acid cycle:  
(12) AcCoA + OAA ==> CoASH + ISC 
(13) ISC ==> CO2 + NADPH + αKG 
(14) CoASH + αKG ==> NADH + CO2 + SucCoA 
(15) SucCoA <==> ATP + CoASH + SUC 
(16) SUC <==> MAL + FADH 
(17) MAL ==> NADH + OAA 
Glyoxylate shunt: 
(18) ISC ==> SUC + GOX 
(19) AcCoA + GOX ==> CoASH + MAL 
 
C3/C4 Metabolism:  
(20) MAL ==> CO2 + NADPH + PYR 
(21) ATP + PYR <==> PEP 
(22) PEP + CO2 <==> ATP + OAA 
 
Gluconeogenesis and pentose phosphate pathway: 
(23) PEP <==> 3PG 
(24) ATP + 2 NADH + 3PG <==> G3P 
(25) ATP + 2 G3P <==> F6P 
(26) F6P <==> G6P 
(27) G6P ==> CO2 + 2 NADPH + R15P 
(28) R15P <==> R5P 
(29) R15P <==> X5P 
(30) R5P + X5P <==> G3P + S7P 
(31) G3P + S7P <==> F6P + E4P 
(32) X5P + E4P <==> G3P + F6P 
 
Respiratory chain and energy dissipation:  
O2ext ==> O2 
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(33) 2 NADH + O2 ==> 4 ATP 
(34) FADH + O2 ==> ATP 
(35) ATP ==>  
 
Biomass formation:  
(36) NH3 + NADPH + aKG ==> GLUT 
(37) ATP + NH3 + GLUT ==> GLUM 
(38) 3.74 AcCoA + 41.1 ATP + 8.26 NADPH + 1.79 OAA + 2.83 PYR + 0.52 PEP + 1.5 
3PG + 0.13 G3P + 0.07 F6P + 0.9 R5P + 0.25 GLUM + 8.32 GLUT + 0.21 G6P + 
0.36 E4P ==> 3.12 NADH + 2.61 CO2 + 3.74 CoASH + 7.51 αKG + X 
 
All stoichiometric coefficients are in mmol, X is given in mg 
 Model Based Analysis 6.2.3
Figure 6.2 outlines the approach to model based analysis of 3HB and 3HV accumulation. 
Stage 1 is development of the new model. Stage 2 is metabolic flux analysis (MFA) to 
confirm that the observed substrate consumption and biomass and polymer production can be 
described by the model. And Stage 3 is flux balance analysis (FBA) to see whether key 
variables, like 3HB and 3HV production, can be predicted given minimal inputs (eg, substrate 
consumption). In parallel to Stages 2 and 3, elemental mode analysis (EMA) was carried out 
to document the possible metabolic states. 
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Figure 6.2. Analysis of a metabolic network 
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 Metabolic flux analysis  6.2.3.1
As outlined in Chapter 5, metabolic flux analysis (MFA) combines knowledge about cell 
metabolism and a set of known fluxes (	;) for the estimation of those fluxes that have not 
been measured (	<). The metabolic network for PHA and active biomass production from 
acetic and propionic acids by mixed microbial cultures consist of 38 reactions, 4 substrates 
(acetic acid HAc, propionic acid HPr, ammonium NH3, and dissolved oxygen O2), 4 end-
products (3-hydroxybutyrate (3HB), 3-hydroxyvalerate (3HV), active biomass (X), and 
carbon dioxide CO2), and 31 intracellular metabolites (acetyl-CoA, propionyl-CoA, NADH, 
NADPH, ATP, etc.). The degrees of freedom are calculated:  
	*[  	\ + 	(	 + 	1	  	38	– 	31	 + 	1	  	8	 
where J is the number of reactions considered in the metabolic network, and C is the number 
of compounds in the quasi-steady state. According to this relationship, when seven 
volumetric rates are measured, and two rates are fixed (by assuming that r3=0 and r20=0), then 
the system has more than the necessary degrees of freedom, making it overdetermined and 
redundant. One additional degree of freedom can also be added, as the system has internally 
conserved relationships (given that it is assumed that active biomass is directly correlated to 
ammonia uptake). On that basis, the vector of measured fluxes can be defined as: 
	; 	 >]' 	]' 	]C'D		]^ _ 	]',	]'-	]` 		]?		]abET 
In order to provide an estimate that better approximates the real metabolic flux distribution, 
redundant measurements were used to adjust the measured fluxes according to their 
normalized variances to obtain a weighted-least squares solution (Stephanopoulos 1998). In 
addition, adjusted flux measurements were used to calculate a consistency index, h: 
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ℎ  cFd12c 
where c  & ∙ 	 e 0  due to the experimental error in 	; . The matrix d  is the variance–
covariance matrix of the steady state errors, ε, calculated by the propagation of variance–
covariance matrix associated to the measured fluxes. 
Comparison of h with the χ2 test function allows for an evaluation of the consistency of 
experimental data with the assumed biochemistry and the pseudo-steady state assumption. 
For this comparison, the number of redundant measurements was used as the degrees of 
freedom for statistical hypothesis testing at a 95% confidence level. These calculations were 
performed with CellNetAnalyzer (v. 2014.1). 
 Flux balance analysis 6.2.3.2
Metabolic flux analysis relies on extensive experimental data so that the unmeasurable vector 
can be calculated. However, when the number of measured fluxes is smaller than the system 
degrees of freedom (i.e. for undetermined systems), Flux Balance Analysis (FBA) is also a 
tool that can be used to determine the rate vector ν of a cellular physiological state. In FBA, 
through the use of linear programing and the setting of an objective function f, it is possible 
to calculate the intracellular flux distributions which meet the system constraints, such as 
substrate uptake rates, thermodynamic constraints, and metabolic regulation (Stephanopoulos 
1998, Trinh et al. 2009). FBA only estimates the optimal solution, while other solutions still 
exist. The more constraints that are set, the more accurately the vector ν is determined, such 
that Z is maximised:  
$gh	 f  / ∙ 	 
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i. 3.		 k0  & ∙ 	  &< ∙ 	< + &; ∙ 	;0 l 	m l ∞	;  
where f is the performance index, and the elements of vector / take the values -1 or +1 to 
maximise or minimise respectively a specific reaction, while most of the elements take a 
value of 0. The optimisation problem is constrained to the steady state equation (  Q ∙ o, 
to the flux irreversibility flux 	m, and to the vector of the measured constraints 	;. In this 
study, 	; was set as the uptake rate of substrates:  
vq  >r2 ra r?s	Et  >ruvw ruxy rzuD 	Et 
FBA then delivers all other fluxes including 3HB, 3HV and 	X: 
	  >]? ⋯ ]',				]'- ⋯ ]` E 
To validate the FBA results, the estimated 3HB, 3HV and X fluxes were compared with the 
experimental rates and MFA calculated rates. 
 Elementary mode analysis 6.2.3.3
Elementary mode analysis is a metabolic pathway analysis tool used to characterise cellular 
metabolism, providing insights into cellular physiology, robustness and regulation. It can 
identify all metabolic flux vectors that exist in a network without requiring any knowledge of 
any flux rates or defining any objective function (Trinh et al. 2009). It is also a tool to 
correlate the cellular genotypes with phenotypes by the analysis of flux ratios.  
It can only predict isolated states of cellular metabolism, and the introduction of dynamic 
expressions into the modelling offers the potential to understand the dynamics of cellular 
metabolism (Trinh et al. 2009, Franz et al. 2011).  
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Elementary mode analysis calculates all possible solutions in the flux space by solving 
Equation 1 together with the thermodynamic constraints, and each solution represents an 
elementary (flux) mode (EM).  
For the network developed in this study, 164 elementary flux modes were found using 
METATOOL in Matlab (See Appendix B). The resulting matrices were analysed in a MS 
Excell spreadsheet to sort the pathways on basis of their yields. Every feeding strategy was 
run and analysed as a separate model.  
 Materials and methods  6.3
 Experimental set up 6.3.1
This chapter presents model based analysis of the experimental data presented in Chapter 5. 
Four sets of experiments were considered. Set 1 used a single acetic acid (HAc) substrate; Set 
2 used a single propionic acid (HPr) substrate; Set 3 used a mixed HAc and HPr substrate fed 
simultaneously in equal COD ratios; while in Set 4 the acids were supplied in alternating 
pulses. See section 5.2 for more details. 
 Off-line measurements 6.3.2
The oxygen mass transfer coefficient (kLa) was experimentally measured by means of a 
dynamic gassing-out method (Bandyopadhyay et al. 2009). It was assumed that kLa remained 
constant thought the course of accumulation. 
 Results and discussion  6.4
 Model evaluation and simplification  6.4.1
Both PHBV synthesis and active biomass production depend on acetyl-CoA and propionyl-
CoA supply as well as on NADPH availability. Manipulating the reactions involved in 
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NADPH generation affects the balance between cell growth and PHA production. As 
previously noted, there are three likely pathways for NADPH generation. Thus, different 
scenarios were run to simulate and predict the effect of different substrate compositions on 
the production of 5,  monomers and active biomass   when the tricarboxylic cycle 
(TCA), malic enzyme (ME) or pentose phosphate (PP) pathways were the exclusive NADPH 
source (Table 6.2). 
Table 6.2. Maximum theoretical yields for the production of 3HB, 3HV and X from total carbon 
substrate (S=SHAc+SHPr) and the associated respiratory quotients assuming different exclusive 
sources of NADPH 
    Maximum theoretical yields 





















TCA 0.56 0.89 0.44 0.83 0.43 0.80 
ME 0.83 1 0.67 0.80 - - 




TCA 0.61 0.96 0.48 0.87 0.47 0.85 
ME 0.83 1.22 0.72 0.86 - - 
 




TCA 0.67 1.11 0.53 0.93 0.52 0.9 
ME 0.81 1.47 0.80 1.00 - - 




TCA 0.56 1.33 0.59 1.05 0.64 1.00 
ME 0.56 1.6 0.80 1.29 - - 
PP 0.56 1.53 0.79 1.26 - - 
100% 
HAc 
TCA - - 0.67 1.33 0.48 1.08 
ME - - 0.75 1.6 - - 
PP - - 0.74 1.45 - - 
 
The results show that the TCA cycle is the only pathway which can produce enough NADPH 
by itself to sustain active biomass synthesis. In scenarios where higher acetyl-CoA content is 
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produced more efficiently, the yields are higher. Therefore, the best theoretical yields of 
active biomass (based on substrate fed) are achieved from mixtures of acetic and propionic 
acid with a dominant content of acetic acid (above 50% mole basis). 
Table 6.2 shows the maximal theoretical yields for 3HB and 3HV monomers and active 
biomass obtained by applying FBA methods, but without constraining the NADPH 
generation pathways. The proportion of NADPH generated through each of the three 
pathways is listed in each case. The maximum theoretical yield for active biomass synthesis 
from VFA was obtained using propionic acid as single substrate with the main source of 
NADPH being through the TCA cycle (67%), with 24% coming from the ME reaction in the 
C3/C4 metabolism pathway. Over all substrate mixes, higher theoretical yields for active 
biomass were achieved when the NADPH dependant malic enzyme pathway was active; 
exclusive NADPH generation via the malic enzyme (ME) pathway also gave higher 
theoretical yields for 3HB and 3HV production compared with the pentose-phosphate (PP) 
pathway. The ME pathway produces pyruvate, which can in turn take part in reaction 5 
(Table 6.1), producing acetyl-CoA and inducing carbon spillage in the form of CO2.  
According to our experimental fluxes, the ME pathway was not necessary for the 
experimental yields obtained. Sufficient reducing equivalents could be generated though the 
TCA cycle and PP pathway together; therefore, for model simplification it was assumed that 
r20=0 (Table 6.1). 
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Table 6.3. Maximum theoretical yields for the production of 3HB, 3HV and X from total carbon substrate (S=SHAc+SHPr) and the associated 


















YX/S 0.72 0.67 0.23 0 0.44 0.72 0 
YHB/S 0.67 0 1.00 0 1.00 0.80 1.00 
YHV/S 0.83 0 1.00 0 0.50 1.00 0.17 
75/25% 
HPr/HAc 
YX/S 0.70 0.39 0.61 0 0.33 0.79 0 
YHB/S 0.73 0 1 0 1.00 0.86 0.64 
YHV/S 0.85 0.12 0.73 0.15 0.36 1.28 0 
50/50% 
HPr/HAc 
YX/S 0.68 0.55 0.45 0 0.11 0.87 0 
YHB/S 0.80 0 1.00 0 1.00 1.00 0.20 
YHV/S 0.83 0.42 0.58 0 0.17 1.6 0 
25/75% 
HPr/HAc 
YX/S 0.65 0.58 0.42 0 0 0.99 0 
YHB/S 0.81 0.17 0.72 0.11 0.96 1.32 0 
YHV/S 0.56 1.00 0 0 0 1.24 0.48 
100% 
HAc  
YX/S 0.60 0.50 0.50 0 - 1.14 0 
YHB/S 0.78 0.57 0.43 0 - 1.77 0 
YHV/S - - - - - - - 
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Figure 6.3 contrasts the maximal theoretical yields predicted by the model proposed in this 
study with the model developed by Pardelha et al. (2012) for mixed cultures. 
 
Figure 6.3. Comparison of theoretical yields, and the respiratory quotient, energy dissipated, 
and propionyl-CoA decarboxylation fraction associated with the model developed by Pardelha 
et al. (2012) compared with the current model. Phosphorylation efficiency δ was assumed to be 
P/O=2 and the necessary energy to uptake 1 mole of propionic acid was assumed to be 1 mol 
ATP for both models. Different HAc:HPr ratios ranging from 1:0 to 0:1 on a mole basis were 
used.  YHB/S (Cmmol 3HB/ Cmmol VFA);  YHV/S (Cmmol 3HV/ Cmmol VFA);  YX/S 
(Cmmol X/ Cmmol VFA);  Respiratory quotient RQ (Cmmol CO2/ mmol O2);  
Decarboxylation fraction (mmol AcCoA / mmol PrCoA);  ATP dissipated (mmol ATP / 
Cmmol VFA) R2= 0.91.  
The model proposed by Pardelha et al. (Pardelha et al. 2012) (Table 5.1 Chapter 5) includes 
the reducing equivalents required by grouping them all as NADH. NADH is a coenzyme 


















































Extended metabolic network developed in this study  
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energy (ATP) by the oxidation of NADH to NAD+. By contrast, NADPH mostly participates 
in anabolic reactions, where it is needed as a reducing agent for the synthesis of active 
biomass precursors and PHA. Therefore, a more realistic description of the system would 
differentiate between NADH and NADPH, as cells regulate these independently, even though 
they have the same redox capabilities. In the model developed by Pardelha et al. (2012), 
NADH generation occurs through three mechanisms; (1) the TCA cycle (reaction 6, Table 
6.1); (2) propionyl-CoA decarboxylation (reaction 3, Table 6.1); and (3) active biomass 
formation (reactions 4 and 5, Table 6.1). By combining all reducing equivalents as NADH, an 
overestimation of NADH generated resulted, and therefore the associated energy dissipated in 
form of ATP was higher in that model than in the model proposed in this study. A similar 
effect was seen for the other associated process parameters (propionyl-CoA decarboxylation 
and respiratory quotient). However, the model proposed in the present work is in agreement 
with the maximum yields for PHA monomers in polymer and active biomass, as predicted by 
Pardelha and co-workers (2012).  
A further modification was made to the assumed metabolic pathways in the current model, 
through the consideration of pathways for propionic acid assimilation. This can take place 
through five different metabolic routes (Lemos et al. 2006). The metabolic model for mixed 
cultures proposed by Dias et al. (2008) and Pardelha et al. (2012) considers that propionyl-
CoA is first converted to succinyl-CoA via the methyl-malonyl-CoA pathway (reaction 3, 
Table 6.1). By contrast, the model developed in this study also considers the assimilation of 
propionic acid via the methyl-citrate cycle (reaction 4, Table 6.1) (Grousseau et al. 2013). As 
this pathway was found to give the same yields compared to the methyl-malonyl-CoA 
pathway, and the mechanisms of methyl-citrate pathway are better studied, the latter was the 
assumed pathway for propionic acid assimilation. 
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 MFA for PHA production by mixed cultures 6.4.2
Having established the preferred metabolic model for this study, metabolic flux analysis 
(MFA) was then performed at different stages of culture: after the first 2 pulses, at 2 hours, 5 
hours, 8 hours, 12 hours, and at 20 hours. The fluxes were normalised with respect to the 
VFA uptake rate. These normalised intracellular fluxes are illustrated in Figure 6.4, while 
Table 6.4 shows the consistency index at each time point for 1 degree of redundancy and at a 
confidence level of 95%. 
Before the cells were transferred to the PHA production reactor, they were submitted to a 
long famine phase (12 h). For this reason it is expected that the NADPH and ATP pools were 
low immediately before the addition of the first VFA pulse. Addition of the first pulses 
caused a sudden increase in NADPH, consequently inhibiting the TCA cycle as observed by 
Pardelha et al. (2012). These results were confirmed by flux balance analysis (FBA) 
predictions, where minimisation of carbon flux through the TCA cycle during the early stages 
of accumulation (first 2 hours) was necessary in order to reproduce the high experimental 
PHA fluxes.  
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Figure 6.4. Normalised metabolic carbon fluxes calculated at different times. Each flux was 
divided by the respective total VFA uptake rate rS (mmolVFA/mmolX·h): (a) Experiment set 1: 
100% acetic acid; (b) Experiment set 2: 100% propionic acid; (c) Experiment set 3: 50% acetic/ 
50% propionic acid – COD basis (36% acetic/ 64% propionic acid – mole basis); (d) Experiment 
set 4: 100% acetic acid – 100%propionic acid (alternating). 
Given that, the flux through the TCA cycle was still relatively high, even though minimised, 
and remained nearly constant throughout the accumulation in experiment set 1 (100% acetic 
acid) and experiment set 3 (50%/50% acetic/propionic acid) compared with the other two 
sets. In experiment sets 1 and 3, acetic acid was present all time, while in experiment set 2 
(a) (b) 
(c) (d) 
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(100% propionic acid), flux through the TCA cycle was not significant during the first 2 
hours, increasing markedly as accumulation time reached 20 hours. An increase in carbon 
flux through the TCA cycle was also seen in experiment set 4 (100% acetic–100% propionic 
acid alternating). The amount of ATP necessary to activate 1 Cmol of acetic acid to acetyl-
CoA was assumed to be 1 ATP, while activating 1 Cmol of propionic acid consumes 0.67 
ATP; more energy is consumed to metabolise acetic acid (Dias et al. 2008). 
For cells growing on VFAs as a carbon source, it is assumed that the glyoxylate shunt is an 
anaplerotic pathway (used for replenishing TCA cycle intermediates that have been extracted 
for biosynthesis) (Shi et al. 1997) and it is known to not occur simultaneously with the TCA 
cycle (Stephanopoulos 1998). However, in the case of mixed cultures in particular it can be 
considered to occur in different cells at the same time. For that reason, both pathways were 
modelled as active at the same time.  
For experiment sets 1 and 3, where acetate was fed continuously, ATP requirements were 
higher, and hence the TCA cycle was active to generate enough to satisfy this demand. The 
glyoxylate shunt was in turn more active (compared with experiment sets 2 and 4) in order to 
sustain the TCA cycle activity.  
In experiment sets 2 and 4, the modelling indicates that the main source of NADPH during 
the first 5 hours was through the pentose phosphate pathway, as illustrated in Figure 6.5, 
which resulted in a higher carbon flux directed to PHA synthesis (through both 3HB and 
3HV monomers) compared with sets 1 and 3. NADPH produced during anabolic reactions 
such as the PP pathway improves overall PHA yields, as revealed by Grousseau et al., (2012).  
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A nearly constant flux of acetyl-CoA and propionyl-CoA though the PHV synthesis pathway 
during the first 8 hours and a sustained flux to HV monomers production while active 
biomass is synthesised was witnessed in experiment set 4. 
 
Figure 6.5. Normalised metabolic NADPH generation fluxes calculated at different times 
through the accumulation. Each flux was divided by the respective total VFA uptake rate rS 
(mmolVFA/mmolX·h) (a) Experiment set 1: 100% acetic acid; (b) Experiment set 2: 100% 
propionic acid; (c) Experiment set 3: 50% acetic/ 50% propionic acid – COD basis (36% acetic/ 
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Table 6.4. Consistency check based on the weighted squares of residuals (h) which are 
determined during the estimation of the measurements. Calculated with one degree of 
redundancy at 95% confidence level  
 
Experiment 
Time 1 1’ 2 2’ 3 3’ 4 4’ 5 
2 pulses 7.9E-02 6.9E-05 1.3E-01 4.5E-03 2.4E-01 7.5E-02 5.5E-02 7.6E-03 5.9E-02 
2 hours  9.3E-03 3.2E-05 7.6E-02 1.5E-03 4.7E-01 8.7E-03 3.7E-02 3.7E-02 7.1E-03 
5 hours  1.9E-05 4.3E-05 2.5E-02 2.0E-04 6.5E-04 1.7E-04 7.0E-02 5.0E-03 1.7E-05 
8 hours  3.4E-05 3.9E-06 9.1E-03 1.8E-04 3.9E-04 4.8E-05 7.2E-03 1.2E-04 8.2E-06 
12 hours  1.0E+0 6.9E-06 8.0E-04 9.7E-05 1.1E-06 8.3E-06 2.2E-04 6.3E-05 7.4E-05 
final 3.6E-04 3.6E-06 2.9E-04 7.2E-05 3.1E-03 3.7E-06 9.2E-05 5.5E-06 2.3E-05 
chi-squares-test (95%): 3.8415 . If the (variances-weighted) residual h is higher than the chi-squares 
value for confidence interval 0.95, then modelling or measurement errors are expected with a 
probability of at least 95 % 
 Flux balance analysis  6.4.3
Flux balance analysis is a predictive tool which allows the estimation of unknown fluxes in 
an undetermined system. In this work, the aim is to use FBA to reduce the inputs to just 
substrate (including VFA, O2 and N3) uptake and predict carbon flux for growth and 3HB and 
3HV production. However, extensive cell regulation knowledge is necessary in order to set 
objective functions which properly describe the system. 
The FBA model inputs in this case were VFA uptake rates, oxygen consumption rate and 
ammonium consumption rate. In FBA modelling it is assumed that a key objective function is 
known. For instance, FBA models have previously shown that for mixed culture subjected to 
the feast and famine regimen, minimization of the tricarboxylic acid (TCA) cycle flux 
predicts PHA production and PHBV copolymer composition (3HB:3HV ratio) (Dias et al. 
2008, Pardelha et al. 2012). However, in this work the minimisation of the TCA cycle only 
gave accurate fits to experimental data during the first 5 hours of culture (Table 6.5). Thus, in 
order to match the predictions given by FBA with the experimental fluxes, the minimisation 
of the TCA cycle was not an adequate cellular objective function. Instead, at various time 
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points through the accumulations, the best fit was obtained by minimising or maximising 
different objective functions, with these varying for the different experimental sets. Figure 
6.6 shows the predictions given by FBA through manipulation of the objective functions 
presented in Table 6.5. As can be seen, the regression coefficient was above 0.96. 
Table 6.5. Flux balance analysis, objective functions giving the closest predictions to the 
experimental data sets 
Experiment 
set 








1 0.2 2 TCA (13)  2.69E-15 
 2.0 22 TCA (13)  1.87E-15 
 5.0 59 TCA (13)  1.43E-15 
 8.0 85 NONE NONE 1.56E-15 
 12.1 106 NONE NONE 4.44E-16 
 20.2 132  TCA (13) 4.86E-16 
2 0.4 2 TCA (13)  1.73E-15 
 2.1 12 TCA (13)  1.65E-15 
 5.1 33 ME (20) TCA (13) 1.40E-15 
 8.2 53 ME (20) TCA (13) 1.09E-15 
 12.1 74 ME (20) TCA (13) 4.55E-16 
 20.1 117  TCA (13) 6.08E-16 
3 0.2 2 GOX (18)  6.31E-15 
 2.0 18  TCA (13) 1.97E-15 
 5.1 44  TCA (13) 1.94E-15 
 8.3 57 NONE NONE 1.94E-15 
 12.3 68 NONE NONE 1.42E-15 
 20.1 87  PYR::AcCoA (5) 1.11E-16 
4 0.3 2 GOX (18), TCA (13) 
ME (20) 
 5.27E-15 
 2.0 12 GOX (18), TCA (13), 
ME (20) 
 1.80E-15 
 5.2 36 GOX (18), TCA (13), 
ME (20) 
 7.49E-16 
 8.1 61 GOX (18), ME (20) TCA (13) 1.31E-15 
 12.1 99 GOX (18) TCA (13) 1.79E-15 
 20.0 188 GOX (18) TCA (13) 5.33E-16 
Reaction number according to Table 6.1 is in parenthesis  
The objective functions minimised get the value 1, while the objective function maximised get the 
value -1, the coefficients for the linear objective function for the rest of reactions were set at 0 
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Figure 6.6. Flux balance analysis results using substrate rates (VFA, O2, NH3).  – 3HB 
monomer formation flux;  – 3HV monomer formation flux;  – active biomass synthesis flux 
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At the end of the accumulations when the carbon flux to PHA synthesis decreased, the TCA 
cycle had to be maximised in all cases; this was relevant after 12 hours for experiment 1 and 
from 5 hours for experiment set 2. 
Glyoxylate shunt minimisation seems to be correlated with efficient PHA synthesis and 
concurrent active biomass growth, as shown in Exp set 4. However, the flux for active 
biomass was underestimated for all experimental runs in the FBA model, although the 
correlation coefficient was high. A downside of this model is the need to assume a linear 
relationship between the active biomass growth and the ammonium uptake, which limits the 
flexibility with respect to nitrogen flux.  
For reaction 5 (which used alternating acetic and propionic acids with larger doses of acid per 
pulse) it was noted that after 8 hours of culture, the decarboxylation of pyruvate to produce 
acetyl-CoA increased remarkably (Table 6.5). As phosphoenolpyruvate (PEP) can be 
synthesised from reaction 22 (Table 6.1), there should not be a need for a flux from pyruvate 
to acetyl-CoA to replenish the TCA cycle. However, according to the model, reaction 5 
increased its rate as the culture growth and PHA accumulation progressed. The model 
proposed in the current study does not consider PHA degradation; therefore, this flux could 
be understood as polymer being consumed by the cell and used in the TCA cycle and 
dissipated as energy. 
Simultaneous synthesis and degradation of PHB has been observed in cells that have reached 
maximum polymer content (Leaf and Srienc 1998), but no turnover of polymer was observed 
in chemostat grown cells. Many models therefore simplify their approach by ignoring 
polymer degradation. In this model, polymer degradation is no accounted and the excess 
carbon consumed in the late stages of accumulation was assumed to be catabolised in TCA 
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cycle. Therefore the need to maximise this objective function at the end of all accumulations. 
One improvement in the present model could be integrating polymer degradation in the 
model dynamics (Franz et al. 2011). 
Given that the growing conditions experienced by the cultures in this study, PHA and active 
biomass regulation became more complex. Alternative NADPH generation pathways to TCA 
cycle and glyoxylate shunt seem to have a relevant effect in PHA storage regulation. 
However, the target objective function which gives the better fit is time dependant and 
showed a high sensitivity to slight changes in the model inputs. 
In order to predict active biomass synthesis, PHA storage and copolymercomposition, a 
different approach needs to be adopted, such as coupling a MFA model with a statistical sub-
model, through elemental mode analysis. 
A problem faced during the development of a reliable metabolic using a FBA approach was 
the extremely large sensitivity of predicted fluxes to the objective function Z. In order to 
achieve good predictions, more constraints than VFA consumption rate and oxygen uptake 
rate were necessary to specify.  
 Elementary mode analysis  6.4.4
The elemental mode analysis adopted in this study is based in the approach by Carlson and 
Srienc (2004) where all the possible pathways are sorted on basis of their efficiency by means 
of carbon yields, ATP generation yield and oxygen uptake. By classifying the most efficient 
strategies to use the available metabolic pathways it was possible to identify the microbial 
community capabilities under a range of feeding compositions. 
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Yield analysis was used to extract a subset of elementary modes (Song and Ramkrishna 
2009). Elementary mode analysis provided 9 major active modes (AM) including 4 
generating modes (GM) (Table 6.6) from the 164 elementary modes (EM) identified 
(Appendix B). Generating modes are the vertices of a triangle (red dots) which connect all 
points in Figure 6.7 and every data point represents a different elementary mode. 
According to the stoichiometry in Table 6.6, AM 5 was identified as the major growth-
associated mode, while AM 1 is the major maintenance associated mode, while active modes 
2 and 3 are the main pathways for 3HV and 3HB accumulation respectively. On the other 
hand, AM 4 and 6 represent the pathways where the highest biomass growth yield with slight 
PHA production is achieved. While modes 8 and 9, are the modes where the highest PHA 
yields are attained with concurrent cellular growth. Finally, in active mode 7, 3HB, 3HV and 
active biomass are synthesised simultaneously. 
Table 6.6. Stoichiometry of selected active modes (AM) from the total set of elementary flux 
modes (EM) 
AM EM rHAc rHPr YHB/S YHV/S YX/S 
ATP 
dissipated 
    
(Cmol/Cmmol) (Cmol/Cmol) (Cmol/Cmol) ATP/Cmol 
1* 21 0.00 -1.00 0.00 0.00 0.00 3.67 
2* 32 -0.12 -0.88 0.00 0.85 0.00 0.00 
3* 40 -0.61 -0.39 0.82 0.00 0.00 0.00 
4 86 -0.98 -0.02 0.00 0.04 0.56 0.00 
5* 92 0.00 -1.00 0.00 0.00 0.70 0.00 
6 93 -1.00 0.00 0.03 0.00 0.56 0.00 
7 98 0.00 -1.00 0.01 0.70 0.13 0.00 
8 147 -0.02 -0.98 0.00 0.74 0.10 0.00 
9 154 -0.46 -0.54 0.69 0.00 0.12 0.00 
*Generating modes 
For maximum active biomass production, the energy necessary in AM 5 is generated through 
TCA cycle and the decarboxylation of pyruvate to acetyl-CoA (R5 Table 6.1). The NADPH 
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sources were the TCA cycle and the ME pathway. The PP pathway is used for the synthesis 
of biomass precursors; however, the reaction (r27) for NADPH production was not necessary. 
In active modes 2 and 3, which produce 3HV and 3HB more effectively, TCA cycle is not 
active and the main NADPH sources are the ME and PP pathways. These results coincide 
with the FBA predictions, where most PHA is produced when the TCA is minimised in the 
early stages of the culture. 
Table 6.7. Active modes identified, with associated products synthesised and the metabolic 
reactions involved. 
AM EM HB HV X mATP Reactions involved  
    
   
1* 21 - - - + C3/C4 (21,22) GOX (12,16-19) mATP (35) 
2* 32 - +++ - - 
MET (4,5) HV (7,9,11) ME (20) C3/C4 (21,22) PP 
(23-32)  
3* 40 +++ - - - 
MET (4,5) HB (6,8,10) ME (20) C3/C4 (21,22) PP 
(23-32)  
4 86 - + + - 
HV (7,9,11) TCA (12-16) GOX (18,19) ME (20) 
C3/C4 (21) PP (23-26, 28-32) BIO (36-38)  
5* 92 - - +++ - 
MET (4,5) TCA (12-16) ME (20) PP (23-26, 28-32) 
BIO (36-38) 
6 93 + - + - 
HB (6,8,10) TCA (12-16) GOX (18,19) ME (20) 
C3/C4 (21) PP (23-26, 28-32) BIO (36-38)  
7 98 + + + - 
HB (6,8,10) HV (7,9,11) MET (4,5) ME (20) C3/C4 
(21,22) PP (23-26, 28-32) BIO (36-38) 
8 147 - ++ + - 
HV (7,9,11) MET (4,5) ME (20) C3/C4 (21,22) PP 
(23-27, 28-31) BIO (36-38) 
9 154 ++ - + - 
HB (6,8,10) MET (4,5) ME (20) C3/C4 (21,22) PP 
(23-27, 28-31) BIO (36-38) 
(+) Metabolite is synthesised (-) Metabolite is not synthesised. BIO – active biomass production, 
C3/C4 Metabolism, GOX – glyoxylate shunt, MET – methyl-citrate cycle, HB – 3HB monomer 
production, HV – 3HV monomer production, mATP – maintenance from ATP, ME – malic enzyme 
pathway, PP – pentose phosphate pathway. All modes are aerobic (in all modes electron transport 
chain takes place). *Generating modes. 
On the other hand, a significant 3HV and 3HB production associated with a residual active 
biomass growth (AMs 8 and 9, respectively). In these modes, NADPH is obtained through 
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three sources: an incomplete TCA cycle, and the ME and PP pathways. No ATP is spilled, 
which means that ATP is limiting. 
 Energy production  6.4.4.1
Cell growth and PHA synthesis require energy to take place. The modes with the lowest 
requirement for oxygen and VFA were defined as the most efficient. In this sense energy 
generating modes not involving biomass or PHA synthesis were identified as the most 
efficient and was confirmed that energy can be produced independently from active biomass 
synthesis pathways as demonstrated for E. coli networks (Carlson and Srienc 2004). 
Elementary mode 21 (AM 5) uses propionic acid as sole substrate and produced 4 mol of 
ATP per Cmmol of VFA consumed (Appenndix A); however, most of this ATP was 
dissipated (3.67 mol ATP/Cmmol VFA Table 6.6). The second most efficient mode for ATP 
production is EM 20 (3.5 mol ATP/Cmmol VFA) where acetic acid is the sole carbon source. 
In both modes TCA cycle was not active, and glyoxylate shunt took over. All carbon is 
spilled as CO2 to produce NADH though decarboxylation of C4 and C3 carbon intermediates. 
 Active biomass growth 6.4.4.2
Elementary modes with higher yields for active biomass were obtained in elementary modes 
that use propionic acid as sole carbon source, and in mixtures of up to 60:40 HAc:HPr on 
mole basis (cluster in black oval Figure 6.7). However, in these modes, energy is not 
produced in an efficient manner, as no excess ATP is produced to synthesise PHA. TCA 
cycle is active in all cases, but in no mode was the only source of NADPH. No glyoxylate 
shunt activity was present in the more efficient modes for active biomass (EM 92, Table 6.7) 
and malic enzyme (ME) pathway (R20 Figure 6.1) was the main NADPH source. C3/C4 
metabolism (R20, R21 and R22, Figure 6.1) were important reactions for biomass precursors 
synthesis and also for generation of reducing equivalents (NADPH). 
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On the other hand, in the modes that used acetic acid as sole carbon or mixtures of HAc:HPr 
higher than 50:50 (on model basis), a high biomass yield on VFA was also reached. 
However, these modes (cluster in dotted oval Figure 6.7), combined active biomass synthesis 
and energy production, as ATP in excess was produced. These modes met their NADPH 
requirement by TCA cycle mainly (R13 Figure 6.1), and pyruvate decarboxylation was very 
low. 
The third cluster (data points inside blue oval) is formed by the modes which had a good 
biomass yield (average 0.4 Cmmol X/ Cmmol VFA) while showing the highest energy 
production. All these modes used propionic acid as exclusive carbon source, and mostly 
made use of R13 in TCA cycle for NADPH requirements. These modes had a remarkably 
high oxygen demand, and therefore the yield of biomass on oxygen uptake was the lowest 
(Appendix B). 
 PHA synthesis and concurrent active biomass growth 6.4.4.3
The rest of the elementary modes that produce active biomass and PHA simultaneously do 
not dissipate ATP, which means that ATP is limiting in all cases. These modes are 
represented in Figure 6.7 as clusters inside orange and purple ovals. The cluster in purple 
includes the modes that produce a higher PHA yield compared with active biomass (YPHA/S 
was above 0.64). In this group of modes the fraction of propionic acid uptake to total carbon 
uptake flux is 0.55 or higher, the glyoxylate shunt is inactive. And the main source of 
NADPH is ME pathway (R20), with minor activity of R13 of TCA cycle. As succinate is 
synthesised in sufficient amounts during the methylcitrate cycle (R4, Figure 6.1), an 
incomplete TCA cycle takes places for all cases. 
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Figure 6.7. Relationship between active biomass yield per Cmmol of VFA consumed and ATP 
yield. The points in red () represent the generating modes. Black oval encloses the modes with 
the highest biomass yield with no ATP produced in excess. Dotted oval contains the modes 
combining active biomass synthesis and efficient energy production, as ATP in excess was 
produced. Points inside the blue oval represent the modes which had a good biomass yield and 
the highest energy production yields. Points inside the purple oval represent the modes that 
produce a higher PHA yield compared with active biomass. Orange cluster are modes that 
produce a higher active biomass yield compared with PHA. 
The modes contained in the orange oval, are modes that produce a higher active biomass 
yield compared with PHA (YPHA/S was up to 0.39). The glyoxylate shunt is active; therefore 
TCA cycle activity was diminished and incomplete. The extra energy requirements (NADH) 
were met through R17, while NADPH supplies were generated by ME pathway in the main. 
Y X/S (Cmmol X/ CmmolVFA)
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 EMA applications and limitations 6.4.4.4
Elementary mode analysis has broad applications. EMA can form the basis of hybrid 
cybernetic models with the capability to predict microbial growth and fermentation by-
products (Kim et al. 2008, Franz et al. 2011), where the model equations can be derived from 
elementary mode analysis. Multiple physiological states can be accounted for; however, it is 
not necessary to use all elementary modes, but a smaller subset which captures all observed 
metabolic behaviour.  
EMA provided important information about pathways for simultaneous PHA storage and 
active biomass synthesis. However, polymer compositions seem to follow more complex 
regulation processes which cannot be completely accessible through this method. 
A limitation for the development of predictive metabolic models for mixed microbial cultures 
is the establishment of a reliable stoichiometric model. Fundamental knowledge about how 
cellular regulation works in different process settings and how it changes in different cellular 
physiological states is not yet clear. In this sense, metabolic flux analysis (MFA) can be 
combined with multivariable analysis (Carinhas et al. 2011) for metabolic identification of 
incomplete metabolic networks. This statistical model can compensate the lack of knowledge 
about the complex and unknown cell regulation in mixed microbial cultures. 
 Conclusions  6.5
A metabolic model which gives a more detailed description of the metabolic routes for PHA 
storage and active biomass synthesis was proposed and compared with previous model for 
mixed cultures. Metabolic flux analysis was performed for PHA accumulation by mixed 
microbial with simultaneous cell growth, which showed that extra carbon consumed is 
reflected in an increased TCA cycle activity; however, the inclusion of polymer degradation 
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reactions would better explain the end of this carbon. Flux balance analysis was performed to 
identify the regulatory reactions. The objective function needed to be changed according to 
the physiological state of the culture and was remarkably sensitive to slight changes in the 
model inputs. 
The elementary mode analysis approach proposed in this study can form the basis for the 
development of substrate feeding strategies such as intermittent feeding or co-feeding to take 




3HV    3-hydroxyvalerate 
3PG  Glycerate-3-P  
AcAcCoA Acetoacetyl-CoA  
AcCoA Acetyl-CoA 
ATP Adenosine 5’-triphosphate  
CO2  Carbon dioxide  
CoASH  Co-enzyme A  
D-ButCoA D-3-hydroxybutyryl-CoA 
D-ValCoA D-3-Hydroxyvaleryl-CoA 
E4P  Erythrose-4-phosphate  
F6P   Fructose-6-phosphate  
FADH Flavin adenine dinucleotide, reduced  
G3P Glyceraldehyde-3-P  





HAc Acetic acid 
HPr Propionic acid 
ISC    Isocitrate 
MAL Malate 
NADH Nicotinamide adenine dinucleotide, reduced  
NADPH Nicotinamide adenine dinucleotide phosphate, reduced  
NH3 Ammonium  
O2 Dissolved oxygen  















 Fluxes in PHA-storing microbial communities during 7
enrichment and biopolymer accumulation processes 
This chapter is a modified version of “Fluxes in PHA-storing microbial communities 
during enrichment and biopolymer accumulation processes” published in New 
Biotechnology.  
In this study, 16S rRNA gene amplicon pyrosequencing was used to analyse fluctuations in 
populations over a 63-day period within a PHA-storing mixed microbial community enriched 
on fermented whey permeate. This community was dominated by the genera Flavisolibacter 
and Zoogloea as well as an unidentified organism belonging to the phylum Bacteroidetes. 
The population was observed to cycle through an increase in Zoogloea followed by a return 
to a community composition similar to the initial one (highly enriched in Flavisolibacter). It 
was found that the PHA accumulation capacity of the community was robust to population 
flux during enrichment and even PHA accumulation, with final polymer composition 
dependent on the overall proportion of acetic to propionic acids in the feed. This community 
adaptation suggests that mixed culture PHA production is a robust process. 
 
 Introduction 7.1
The biopolymer polyhydroxyalkanoate (PHA) is gaining increasing attention as it is both 
biobased and biodegradable. In addition, it is possible to produce copolymers with a wide 
range of material properties, since these properties can be modified through the incorporation 
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of different monomers into the polymer chain. This offers scope to satisfy material property 
needs within a wide range of products and services (Laycock et al. 2013). 
However, the use of PHAs has been limited, due in large part to the high production costs 
associated with the aseptic operation of pure culture PHA production along with the use of 
relatively expensive, refined substrates such as sugar (Salehizadeh and Van Loosdrecht 2004, 
Albuquerque et al. 2011). One approach for significantly reducing costs of PHA production is 
mixed bacterial culture production, with advantages including the opportunity to use open 
cultures and a potential to use domestic, agricultural and industrial effluents as feedstock for 
biomass and PHA production. Mixed culture PHA productivity can be high in comparison 
with the current commercial pure culture based approach (Johnson et al. 2009). However, any 
product or service requires consistent raw material quality for compounding and conversion. 
It is well known (Laycock et al. 2013) that both pure and mixed culture PHA production can 
result in blends of copolymers in the final polymer product, or in copolymers of fairly narrow 
compositional distribution (Martinez-Sanz et al. 2013). What is not well-established is 
whether or not the shifts in the composition of a mixed community result in variations in 
composition and compositional distribution. This paper tracks fluxes in PHA-storing 
microbial communities in mixed culture PHA production systems and investigates the 
consistency of PHA productivity and composition as a function of those observed fluxes.  
It has been shown that copolymer composition is strongly influenced by type of feedstock 
(Reis et al. 2003, Laycock et al. 2013). Further, the polymeric materials as produced are 
frequently observed to be complex blends of copolymers of different composition rather than 
a single homogeneous type of polymer material (Laycock et al. 2014). But it remains unclear 
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to what extent the PHA copolymer composition, compositional distribution, or even PHA 
productivity, are functions of the process ecology. Mixed cultures treating wastewaters are 
anticipated to be changing dynamically even if performance in treatment is consistent 
(Albuquerque et al. 2011). Fluctuations in influent water quality and even a seasonal 
influence of temperature drive systematic shifts in the community structure (Werker 2006). It 
has been shown that cultures enriched under feast and famine (aerobic dynamic feeding) 
conditions, with acetate as substrate, may exhibit a broad and dynamic distribution of 
populations of PHA accumulating organisms (Lemos et al. 2008). A biomass may have 
similar phenotypic behaviour for PHA-storage but the underlying ecology can be distinct. 
The question then is: how does the community structure variability influence the process 
function in biopolymer production?  
Mixed culture PHA production typically comprises a two stage process: (1) enrichment of an 
activated sludge with a PHA-storing phenotype, coupled with (2) PHA production in the 
surplus harvested biomass. In this design, PHA production takes place in a side-stream unit 
process. The carbon source or feedstock that is used for the enrichment biomass production 
and for PHA accumulation does not need to be the same. In fact, some wastewater feedstocks 
are found to be adequate for producing a biomass rich in the PHA-storing phenotype, but are 
of poor quality when it comes to accumulating PHA to the limits of the biomass capacity 
(Valentino et al. 2014).  
There is evidence to suggest that microbial community selection is influenced by the feed 
composition. A review of the literature (Table 7.1) further indicates that a wide variety of 
organisms have been found to dominate in mixed culture PHA accumulating systems, with 
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community structure being influenced by process related factors other than just the influent 
feedstock water composition. However, little attention has been paid to population shifts 
during biomass production or the accumulation process itself (Albuquerque et al. 2013, 
Carvalho et al. 2014). Renner et al. (Renner et al. 1998) were the first to describe the 
evolution of a PHA-accumulating microbial community under feast-famine conditions, and it 
was noted at that time that microbial populations within mixed cultures may differ in the 
kinetics of uptake of particular substrates. More recent studies demonstrate this as well. 
Albuquerque et al. (Albuquerque et al. 2013), for example, concluded that Azoarcus and 
Thauera primarily consumed acetate and butyrate, respectively, while Paracoccus consumed 
a broader range of substrates and exhibited a higher cell-specific substrate uptake. Thus a 
metastable balance is likely to exist between populations of species both competing for but 
also specializing in utilising the components of the influent substrate mix. The composition of 
PHA produced by mixed cultures could be affected by community population dynamics in 
mixed culture PHA production systems. 
This work presents long term (two month) observations of microbial communities in a mixed 
culture PHA production system, consisting of a sequencing batch reactor (SBR) for biomass 
enrichment and an accumulation reactor for PHA production. The SBR was operated using 
fermented whey permeate as carbon source, since this is a commonly available, readily 
fermentable, carbon-rich industrial waste stream (Solaiman et al. 2006, Nikodinovic-Runic et 
al. 2013), and had been in stable operation for more than three years at the time of this study 
(Bengtsson et al. 2008). The communities in both the enrichment reactor and following PHA 
accumulation in the surplus biomass were analysed. Evaluation of the process ecology and 
population dynamics was undertaken using high-throughput 16S rRNA gene sequencing to 
127 
 
characterize the diversity and microbial composition. The effect of different feeding 
strategies for PHA accumulation on overall PHA composition, yields and biomass growth 
was quantified with reference to the microbial community composition. 
Table 7.1. Review of dominant organisms in mixed culture PHA production  
Substrates Dominant organisms Reference 
acetate  Azoarcus and Thauera sp. (Lemos et al. 
2008) 
acetate Zoogloea sp. or Plasticicumulans acidivorans 
depending on temp 
(Jiang et al. 2011) 
acetate Thauera, Dechloromonas and Competibacter 
spp. 
(Liu et al. 2011) 
acetate or propionate 
 
Azoarcus sp. (Serafim et al. 
2008) 
acetate or lactate novel Gammaproteobacterium (Johnson et al. 
2009, Jiang et al. 
2011) 
acetic, lactic and propionic 
acids 
a Methylobacteriaceae bacterium, 
Flavobacterium sp, Candidatus Meganema 
perideroedes, and Thauera sp. 
(Dionisi et al. 
2005) 
 Alcaligenes, Flavobacterium, Acinetobacter, or 
Comamonas spp. depending on cycle length 
(Dionisi et al. 
2007) 
acetic, lactic and propionic 
acids 
Thauera, Candidatus Meganema perideroedes, 
and Flavobacterium sp. 
(Majone et al. 
2006) 
acetic acid and molasses Pseudomonas sp. (Ciesielski et al. 
2008) 
acetate and lactate Plasticicumulans acidivorans and Thauera 
selenatis 
(Jiang et al. 2011) 
propionate Amaricoccus sp. (Lemos et al. 
2008) 
fermented molasses Paracoccus, Azoarcus, and Thauera spp. (Albuquerque et 
al. 2013) 
 
 Materials and Methods 7.2
 Materials 7.2.1
All chemicals were obtained from Sigma Aldrich. Acetic acid and propionic acid were of 
98% purity and chloroform was of HPLC grade. Cheese whey permeate that was used for the 
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aerobic dynamic feeding (feast-famine) selection was obtained from a milk processor in 
Skåne, Sweden.  
 Reactor set-up  7.2.2
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (P(3HB-co-3HV)) copolymers were produced 
at pilot scale at AnoxKaldnes using a three stage process that had been in continuous 
operation from 2008 to 2013 (details about the operation are described in section 4.1) 
 Batch experiments for P (3HB-co-3HV) accumulation 7.2.2.1
Five different feeding strategies S1-S5 were used in this study, with selected replication 
(Table 7.2). A comparison was made between outcomes with acetic acid only, propionic acid 
only, combined acetic and propionic acid, and alternating acetic and propionic acid feeds. 
The fed-batch accumulations were monitored for 20-25 hours with representative process 
grab samples taken at selected times for measurement of trends in VSS, TSS (total suspended 
solids), PHA content and composition, VFA content and soluble COD. For sample S6, only 
the SBR community was analysed - no PHA accumulation study was undertaken (analytical 
methods are described in section 4.2). 
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Substrate Composition for 
PHA accumulation






1 0 S1A Nil 24 Propionic acid 100% 100 12.6
4 31 S2A SBR only 24 Acetic and propionic acid 50:50% 100 12.6
5 36 S1B SBR + 25 hrs PHA 
accumulation
25 Propionic acid 100% 100 11.2
6 43 S2B SBR + 20 hrs PHA 
accumulation
20 Acetic and propionic acid 50:50% 100 11.7
6 45 S3 SBR + 22 hrs PHA 
accumulation
22 Acetic acid 100% 100 11.9
11 80 S4A SBR + 8 hrs and 22 hrs PHA accumulation 22
Alternating acetic acid 100% 
with propionic acid 100% 101/103 13.5/9.4
12 86 S4B SBR + 12 hrs and 22 hrs 
PHA accumulation
22 Alternating acetic acid 100% 
with propionic acid 100% 94/97 10.0/9.8
13 91 S5 SBR + 12 hrs and 22 hrs PHA accumulation 22
Alternating acetic acid 100% 
with propionic acid 100% 182/108 24.3/16.7




The total VFA concentration was the sum of the concentration of all the quantified organic 
acids on a gCOD basis. The consumed total sCOD was calculated as the total added in all 
pulses minus the initial and the residual concentrations. PHA content (fPHA) is given as a 
percentage of volatile suspended solids (VSS) on a mass basis [PHA(%) = 100 x 
gPHA/gVSS]. Active biomass (X) was estimated as the VSS mass minus the biomass PHA 
content. The active biomass was assumed to be approximated by the molecular formula 
C5H7NO2 (Henze et al. 1995), giving 44.2 Cmmol-X·gX−1 and 1.41 gCOD-X·gX−1. The 
relative active biomass (X/X0) is calculated by dividing the active biomass (X in gCOD) by 
the initial biomass (X0 in gCOD). The fPHA values were plotted against time and a one-phase 
association model fitted by least squares regression analysis to the data in order to estimate 
plateau levels of PHA content (where fPHA remained constant with time) (0.89 < R2 < 0.99). 
From the fitted trend, the time to 95% of plateau was determined. Specific VFA consumption 
rate (−qS, Cmol-VFA·Cmol-X−1·h−1), PHA storage rate (qPHA, Cmol-PHA Cmol-X−1 h−1), 
and growth rate (qX, Cmol-X·Cmol-X−1·h−1) were similarly determined from the trend in the 
experimental data of carbon uptake. The ratio of PHA concentration and active biomass 
concentration divided by the active biomass concentration at that time were plotted over time, 
calculating the first derivative at time zero. 
A linear correlation was obtained between gCOD PHA produced versus total substrate 
consumed (also in gCOD) and the yield (YPHA/S) in gCOD PHA/gCOD S at 20 hours was 
determined (0.968 < R2 < 0.998). This time point was selected for consistent comparison 
between runs as all accumulations had reached at least 98% of plateau PHA content by this 
time. Likewise, plots of active biomass (in gCOD X) versus time were represented by linear 
131 
 
regression to a linear quadratic equation, and the yield (YX/S) in gCOD X/gCOD S at 20 hours 
was determined. The 95% confidence intervals associated with all the determined 
stoichiometric and kinetic parameters were estimated using error propagation formulae. 
 Microbial community characterization: DNA extraction, PCR 7.2.4
and sequencing  
 Sampling 7.2.4.1
100 mL representative grab samples of biomass were taken from the accumulation reactor for 
further analysis at selected times during accumulations (see Table 7.2). All samples were 
directly stored at −20 °C before freeze-drying. All samples were then frozen at −80 °C for 
freeze-drying. before being freeze-dried for 24 hrs using a laboratory freeze dryer (Hetosicc 
CD 12, Denmark), with 20 °C in the drying chamber, -50 °C in the cooling unit, and a 
vacuum of 10-2 mbar.  
 Nucleic acid extraction, DNA quantification and 7.2.4.2
quality control 
Freeze dried samples were hydrated for 10 min at room temperature (23 °C) and transferred 
to 1.5 mL Eppendorf tubes prior to extraction. DNA was extracted from the cells using the Q-
Biogene Fast DNA SPIN kit for soil (MP Biomedicals, Seven Hills, NSW, Australia) 
according to the manufacturer’s instructions. DNA integrity was checked by agarose gel 
electrophoresis in 1% agarose gels and quantified using a Nanodrop™ ND1000 
spectrophotometer (Nanodrop Technologies Inc., Wilmington, DE, USA). PCR amplification 
of the 16S rRNA was performed using the primer set 926f (5ꞌ-
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AAACTYAAAKGAATTGACGG-3ꞌ) and 1392r (5ꞌ -ACGGGCGGTGT-GTAC-3ꞌ) (Ho et al. 
2013). 
 Pyrosequencing data analysis 7.2.4.3
Pyrosequencing data were processed through a local implementation of the ACE 
Pyrosequencing Pipeline (https://github.com/Ecogenomics/APP) in which sequence reads 
were split according to the barcode in QIIME (Caporaso et al. 2010). De-multiplexed 
sequences were then trimmed to 250bp length and de-noised by ACACIA (Bragg et al. 2012). 
Sequences with 97% similarity were assigned to operational taxonomic units (OTUs) by CD-
HIT-OUT (Li et al. 2012) and aligned by Pynast (Caporaso et al. 2010). Each sequence was 
then assigned to the taxonomy with BlastTaxonAssigner in QIIME through the greengenes 
database (2012 Oct release). Non-normalized OTU table and rarefaction curves were 
generated by QIIME. Normalizer (https://github.com/Ecogenomics/Normaliser) was used to 
find a centroid normalized OTUs table. 
Microbial communities of each sample were analyzed on genus level by Principle 
Component Analysis (PCA). Relative abundance of different operational taxonomic units 
(OTUs) was first Hellinger-transformed and then mean centered prior to principal component 
analysis (PCA) (Legendre and Gallagher 2001). PCA was performed using PLS toolbox 5.8 
build in MATLAB 7.9.0 (R2009b). Dominant OTUs were aligned using Silva’s SINA 
Webaligner (http://www.arb-silva.de/) and incorporated into a phylogenetic tree alongside 
neighbouring sequence using the Maximum Composite likelihood method (Pruesse et al. 
2012). Aligned sequences and neighbour sequences (obtained from SINA with 97% 
classification) were used to generate a phylogenetic tree by FastTree with default settings 
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(Version 2.1.7 (Price et al. 2010)). The sequences recovered from the dominant 15 OTUs 
were also compared with other sequences previously deposited in GenBank 
(http://www.ncbi.nlm.nih.gov) using the Basic Local Alignment Search Tool (BLAST). The 
observed richness and Simpson’s diversity index values corresponding to 3000 sequences per 
sample were calculated using QIIME pipeline. Simpson’s diversity index is given as 1-D, 
where D is given by: 
 
where ni is the number of individuals in the ith species and N is the total number of 
individuals (Magurran 2004). The observed species richness is the antilog of the Shannon’s 
Diversity index and is given by: 
 
where pi is the proportion of individuals found in the ith species and m is the total number of 
species (Magurran 2004). 
 Results and discussion 7.3
 Microbial community characterisation  7.3.1
The community dynamics in a pilot scale Sequencing Batch Reactor (SBR) and PHA 
accumulation reactor were examined over a period of 2 months. The SBR was in continuous 
operation for a period of 3.5 years prior to this study and as such was considered to be a well-
acclimated (pilot) system for biomass and biopolymer production.  

















Two trends were considered - the shifts in the biomass community in the SBR over a 63 day 
period (from Day 31 to Day 94), and the evolution in the microbial ecology during PHA 
accumulation in biomass harvested from the SBR through that period. PHA accumulations 
were undertaken with surplus biomass from Day 0 to Day 91 (Table 7.2). For a subset of 
samples (samples S1B to S5, Days 36 to 91), the microbial community at selected times 
through the PHA accumulation experiments was also characterised.  
Community composition for these selected activated sludge samples was derived from 
approximately 10,000 raw pyrosequencing reads of the 16S rRNA, spanning the 
hypervariable regions V6 and V8. After screening out noise and poor-quality reads, 
approximately 3,000 reads remained, with an average read length of 350 bp. The sequences 
were clustered into 300 operational taxonomic units (OTUs at 3% distance thresholds). These 
OTUs were used to calculate the observed richness and equitability (Table 7.3).  
Simpson’s diversity index (1-D) is considered to be a robust measure of diversity (Magurran 
2004); as the value increases, with values closer to 1, so does the apparent diversity. The 
sample community richness is a measure of the number of species that would have been 
found in the sample had all species been equally common (Magurran 2004). A general 
increase in richness was observed during PHA accumulation, which is assumed to be 
associated with the growth of organisms better suited to the alternative feedstocks.  
Rarefaction analysis was undertaken at the species level. At a 3% genetic distance, the 
rarefaction curves show that while the sampling effort was substantial, sampling bacterial 
richness was incomplete, with none reaching the curvilinear or plateau phases (Figure S.1). 
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Table 7.3. Heat map of the observed richness and equitability (Simpson diversity index) of 
microbial communities.  
 
 Phylogenetic evolutionary relationships for the 15 dominant 7.3.2
organisms 
Phylogenetic tree analysis allowed us to identify the members of the community affiliated to 
the OTUs 1-15 (Figure 7.1). The evolutionary history was inferred using the Neighbour-
Joining method, where OTUs were determined and aligned with their relatives in the SILVA 
database by the tool integrated Aligners in ARB software. The tree is drawn to scale, with 








31 S2A 65.0 0.40
36 S1B (0 hr) 34.0 0.07
36 S1B (25 hr) 75.4 0.72
43 S2B (0 hr) 72.1 0.54
43 S2B (20 hr) 70.0 0.67
45 S3 (0 hr) 87.2 0.79
45 S3 (22 hr) 91.9 0.77
80 S4A (0 hr) 78.8 0.50
80 S4A (8 hr) 107.2 0.73
80 S4A (22 hr) 60.6 0.63
86 S4B (0 hr) 76.7 0.52
86 S4B (12 hr) 89.6 0.82
86 S4B (22 hr) 81.4 0.75
91 S5 (0 hr) 64.0 0.28
91 S5 (12 hr) 55.8 0.21
91 S5 (22 hr) 68.1 0.42
94 S6 59.5 0.20
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phylogenetic tree. The evolutionary distances were computed using the Maximum Composite 
Likelihood method and are in the units of the number of base substitutions per site.  
 
Figure 7.1. Maximum composite likelihood phylogenetic tree for 15 OTUs affiliated to 
Proteobacteria, Bacteriodetes and Planctomycetes. Bootstrap values greater than 57% are 
indicated. The scale bar represents 0.10 substitutions per nucleotide position. 
At the phylum level, all OTUs were classified and belonged to 29 formally described 
culturable representative bacterial phyla and 18 candidate phyla, sharing a phylogenetic 
affiliation with members of the phyla Proteobacteria, Bacteroidetes and Planctomycetes 
(Figure 7.1). 298 genera were found across the samples, with abundance analysis showing 
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that the 15 most abundant genera accounted for 97% of the total DNA sequences identified 
overall.  
The percentage of sequences of each of the top 15 genera (on a % OTU basis) as well as the 
combined total for the remaining genera (classed as “other”) were then analysed for all of 
these samples, with the number of sequences in each genus being normalized to the total 
number of sequences obtained for that sample, and converted to a percentage.  
Flavisolibacter was the most abundant genus and accounted for 70% of the total DNA 
sequences identified overall, with Zoogloea being the second most common in general, 
although abundance varied widely (Figure 7.2). Flavisolibacter is gram-negative, aerobic, 
non-motile and chemoheterotrophic and is positioned phylogenetically within the phylum  
Bacteroidetes (Yoon and Im 2007). Zoogloea are gram negative aerobic chemoorganotrophic 
bacteria capable of forming the so-called Zoogloeas, which are flocculent masses of cells 
(Shin et al. 1993). Sequencing results have previously shown that a community enriched in 
Zoogloea is capable of producing high levels of poly(3-hydroxybutyrate) (PHB) (at > 75% 
wt%) (Jiang et al. 2011). 
Some of the other OTUs in this study, especially OTUs -2, -4, -9 and -15, could not be 
assigned with confidence to particular known genera at the 97% similarity level. Therefore, 
to obtain approximate genus-level taxonomic information for the prominent OTUs, close 
relative representative sequences were incorporated into a phylogenetic tree alongside 
sequences from bacterial type strains. In microbial community analysis, hierarchical 
clustering is one of the most widely employed approaches to assign names for the prominent 
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OTUs (Cai and Sun 2011). The organism names for the OTUs were also assigned based on 
best-matched reference sequences using the Basic Local Alignment Search Tool (BLAST). 
Hierarchical clustering gave assignments consistent with BLAST for all OTUs except OTU-
10. This OTU shared similarities with OTU-14 in the phylogenetic tree, but was assigned as 
Gemmobacter since it showed 98% similarity by BLAST analysis. From the phylogenetic 
tree, OTUs -2 and -9 were classified as uncultured Bacteroidetes bacteria, OTU-4 as 
uncultured Sphingobacterium sp. within the phylum Bacteroidetes, and OTU-15 as Gemmata 
sp. OTU-1, OTU-13, OTU-7, OTU-8, and OTU-5 were classified as belonging to the phylum 
Bacteroidetes and were closely related to Flavisolibacter, Trachelomonas, Niabella 
tibetensis, Niabella ginsengisoli, and Runella respectively. The nucleotide sequences 
affiliated to OTU-11, OTU-12, OTU-3, OTU-6, and OTU-14 were classified as belonging to 
the phylum Proteobacteria and were identified as Acidovorax, Paucibacter, Zoogloea, 
Pseudoxanthomonas and Brevundimonas respectively. The sequences for OTU-15 were 
affiliated to the phylum Planctomycetes and were distinctly different to the rest of the OTUs. 
The percentages of replicate trees in which the associated taxa clustered together in the 




Figure 7.2. The relative abundances of bacterial 16S rRNA genes at the genus level in the enrichment reactor over time expressed as % of OTUs in 
sample that were present at more than 1%.  
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 Community flux in the enrichment reactor 7.3.3
The community composition at the genus level for the enrichment reactor (before PHA 
accumulation) is summarised in Figure 7.2. It is dominated by Flavisolibacter initially, with 
fluctuations in population, and with the change being primarily associated with an increase 
and then decrease in the population of the bulking organism Zoogloea over time. However, 
there were other underlying community changes as well. Relative to the initial biomass, the 
observed richness (number of species) and equitability (Simpson’s diversity index) of the 
microbial communities fluctuated (Table 7.3). The lowest diversity was observed on Day 36 
for sample S1B, just before an increase in Zoogloea, and the highest diversity was reached by 
Day 45 for sample S3, indicating that conditions became temporarily favourable to stimulate 
increased representation of a broader range of populations of species. For the rest of the time 
diversity levels slowly declined (Table 7.3).  
Principal component analysis (PCA) was conducted on the relative abundance at the genus 
level after the data was pre-processed by means of Hellinger transformation to obtain the 
Hellinger distance matrix followed by mean-centering. Based on scree plots, a two-
component model was selected as the optimum. Principal components (PCs) 1 and 2 
explained 78 and 13 % of the variance, respectively, and are plotted in Figure 7.3. Overall, a 
systematic movement in microbial community composition was observed with time. The 
community composition initially shifted along the PC1 axis (increasing principally in 
Zooglea, but also in Pseudoxanthomonas, Paucibacter, OTU-2, Trachelomonas, Acidovorax 
and others). The community structure then shifted back (enriching in Flavisolibacter but also 
in OTU-4, Gemmobacter and OTU-9). By day 94, the system had increased further in 
Flavisolibacter, Acidovorax and Niabella ginsengisoli and hence returned to close to the 
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microbial community composition that was observed at the beginning of the study period. 
Considering SBR performance, onset of poorer biomass settleability correlated with the 
observed increase in Zooglea. Poor settleability was addressed by a subtle modification to 
operation. The organic loading rate was reduced and sludge retention time was increased 
resulting in process stabilization, which correlated with a shift in the microbial community 
structure, principally due to reduction in Zooglea. 
 
Figure 7.3. PCA ordination highlighting differences in operational taxonomic units (OTU) 







 Effect of enrichment biomass ecology on PHA accumulation 7.3.4
The enriched biomass harvested from the feast-famine SBR reactor from Days 0 to 91 was 
used to accumulate PHA. 
Different feeding scenarios based on acetic and propionic acids were employed, as outlined in 
Table 7.2. Replicate runs were performed on Days 0 and 36 (for propionic acid only feed) 
and Days 31 and 43 (for a mixture of acetic and propionic acids). On days 80 and 86, 
accumulations were performed with alternating acetic and propionic acid feedstocks (Table 
7.2). A summary of the outcomes from these accumulations is given in Table 7.4 and Figure 
7.4. It should be noted that while the material properties (molar mass and thermal and 
mechanical properties) of the resulting polymers have been determined, it is outside the scope 
of this paper to report these herein. 
Carbon substrate was fed pulse-wise simultaneously with nitrogen and phosphorous in a 
C:N:P ratio of 100:1:0.5. Nutrients were found to accumulate with time in some experiments 
as shown in Figure 7.5.  This accumulation coincides with the decrease in cell growth rate: a 
shift from exponential growth to linear growth was observed which causes have not been 







Figure 7.4. Evolution in PHA content on a gPHA/gVSS basis during PHA accumulations; Runs 
are based on propionic acid only feed (S1A and S1B), combined acetic and propionic acid feed 
(S2A and S2B), acetic acid only feed (S3A and S3B), and alternating acetic and propionic acid 
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Figure 7.5 Evolution of ammonium concentration during PHA accumulations; Run based on 
propionic acid only feed (S1B), combined acetic and propionic acid feed (S2A and S2B), acetic 
acid only feed (S3B), and alternating acetic and propionic acid feeds (S4A and S4B)
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Table 7.4. PHA accumulation outcomes under varying feeding strategies 
 
* HAc = acetic acid; HPr = propionic acid; Alt = alternating; all data in table recorded as ± 95% confidence interval where possible 
The active biomass (X) is assumed to be approximated by the molecular formula C5H7NO2 (Henze et al. 1995), giving 44.2 Cmmol-X gX−1 and 1.41 gCOD-X 
gX−1 





Y(PHA/S) at 1200 mins 
 ( gCOD PHA/gCOD VFA)
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2 Y(X/S) at 1200 mins 

















Acid in feed 
( as %gCOD )
1 S1A 100% HPr 0.40 ± 0.04 74 0.31 ± 0.03 0.986 0.16 ± 0.03 0.951 0.33 0.11 0.06 3.5 0.0
31 S2A 50/50 HAc/HPr 0.48 ± 0.06 40 0.39 ± 0.03 0.990 0.17 ± 0.05 0.860 0.63 0.19 0.23 3.7 50.0
36 S1B 100% HPr 0.48 ± 0.03 80 0.40 ± 0.07 0.968 0.18 ± 0.03 0.962 0.33 0.18 0.08 4.0 0.0
43 S2B 50/50 HAc/HPr 0.52 ± 0.03 42 0.45 ± 0.03 0.995 0.12 ± 0.05 0.807 0.40 0.19 0.07 4.1 50.0
45 S3 100% HAc 0.48 ± 0.06 0 0.38 ± 0.04 0.977 0.15 ± 0.01 0.982 0.80 0.36 0.12 4.4 100.0
80 S4A Alt HAc/HPr 0.59 ± 0.03 34 0.52 ± 0.03 0.992 0.18 ± 0.02 0.971 0.37 0.23 0.10 8.8 59.3
86 S4B Alt HAc/HPr 0.52 ± 0.06 36 0.49 ± 0.03 0.989 0.20 ± 0.02 0.973 0.45 0.20 0.10 3.7 50.9
91 S5 Alt HAc/HPr 0.53 ± 0.04 54 0.59 ± 0.02 0.996 0.11 ± 0.02 0.916 0.27 0.16 0.02 3.3 59.5
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Overall, the change in community harvested from the SBR (and in particular the changes in 
the Flavisolibacter and Zoogloea population) made little apparent difference to the PHA 
accumulation performance. One exception was run S4A (a run in which pulses of acetic acid 
were alternated with pulses of propionic acid). In this case, while the final biomass had a 
slightly higher PHA content (producing 59 rather than 50 wt% of VSS), there was a large 
increase in TSS (at ~9 times the initial by the end of the accumulation). This was twice as 
much total biomass produced overall compared with the other samples. This difference was 
particularly interesting given that the following run (S4B, run six days later) was very similar 
in terms of dosing methodology (alternating carbon feeds), pulse loads, and initial community 
composition, suggesting an influence of the initial physiological state of the community 
rather than the community makeup. The final yields of both PHA and active biomass based 
on total VFA consumed for these two runs were not significantly different, and likewise all 
the kinetic parameters were very similar. At this point we have no explanation as to why the 
biomass in run S4A continued to grow and accumulate PHA at a rapid rate throughout the 
duration of the experiment. 
The average PHA content at plateau based on trend fitting curves was 0.50 ± 0.05 gPHA 
gVSS−1 (mean ± 95% confidence interval). Runs S1A and S4A were outliers, with lower and 
higher contents than the average; for the remaining samples the plateau PHA content was 
very consistent at 0.50 ± 0.02 gPHA gVSS−1. 
In terms of the kinetics of the accumulations, the run using acetic acid only had the highest 
specific consumption and storage rates, with the propionic acid only runs (runs S1A and S1B) 
and the alternating acid run with larger acid doses per pulse (run S5) having the lowest. With 
147 
 
respect to the other parameters, the yield of active biomass (Y(X/S)) based on substrate 
consumed was 0.17 ± 0.02 gCOD.gCOD−1 (mean ± 95% confidence interval), with the PHA 
storage yield (Y(PHA/S)) averaging 0.42 ± 0.05 gCOD.gCOD−1. Y(PHA/S) was between 1.9 
to 2.9 times higher than the growth yield Y(X/S) for all runs, and was even higher (5.4 times 
higher) for the alternating run S5. It was found that there was a significant difference (2-
Sample t-test, p0.95=0.017) between the yield of PHA on a substrate basis (gPHA per gCOD 
consumed) for the alternating feeds (S4A, S4B and S5) versus the others, with the former 
yielding 0.53 ± 0.05 gCOD.gCOD−1 (mean ± standard deviation) and the latter yielding 0.39 
± 0.05 gCOD.gCOD−1.  
The main difference between the runs was final 3HV content (mol%). In line with 
expectations, the 3HV content was dependent on the overall ratio of acetic acid to propionic 
acid in the feed and apparently independent of community composition (within the margin of 
error for 3HV content determination). The PHA produced had 3HV contents at 20 hrs 
ranging from 0 mol% (when fed with acetic acid only) to 80 mol% (when fed exclusively 
with propionic acid). A correlation (r2 = 0.88, significant at the 95% confidence level 
(p<0.0005)) between composition and ratio of HAc to HPr was noted. It is well known that 
acetic acid produces the 3HB monomer unit exclusively via acetyl-CoA. However, propionic 
acid can be used to produce both the 3HV and 3HB monomer units since a portion of the 
propionyl-CoA produced from propionate uptake is converted into acetyl-CoA. This 
transformation may potentially proceed through 5 different biochemical pathways, with the 
net material and reducing power transformations are identical through each pathway (Dias et 




The accumulations that were run on the combined acetic/propionic acid feed (S2A and S2B) 
produced 42 and 40 mol% 3HV content P(3HB-co-3HV) respectively at 20 hrs, intermediate 
between that of runs S3 and S5. The alternating runs S4A and S4B, which were similar, 
produced 3HV contents of 34 and 36 mol% respectively. However, run S5, which also used 
an alternating feeding strategy with larger carbon doses per pulse than runs S4A or S4B, had 
a higher 3HV content (54 mol%) despite having a similar proportion of acetic acid overall in 
the carbon feed, indicating that substrate composition alone does not determine final 
composition.  
It has been widely reported that an absence of nutrients (e.g. nitrogen) leads to storage 
phenomena dominating over growth phenomena (Johnson et al. 2010). It is also known (Jiang 
et al. 2011) that when depletion of N-NH4 occurs and the carbon source is still present, the 
formation of 3HB units prevails over 3HV units despite similar substrate compositions, and it 
is noted that for S4A in particular but also somewhat for S4B the phosphate and ammonia 
levels decreased to negligible soluble concentrations during accumulation. In addition, the 
composition is in a state of flux throughout the accumulations, so there is a potential timing 
issue in these comparisons. The analysis of composition evolution in relation to nutrient 




Figure 7.6. The relative abundances of bacterial 16S rRNA genes at the genus level expressed as % of OTUs in sample that were present at more 
than 1% during PHA accumulation under varying feeding scenarios. 
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 Population dynamics during PHA accumulation 7.3.1
Changes in biomass community composition in response to the different feedstock and 
feeding strategies during PHA accumulation were monitored. These PHA accumulation 
experiments were run under conditions of simultaneous growth and accumulation, with 
gCOD converted to PHA exceeding that converted to active biomass by between 1.9 to 5.4 
times (Table 7.4). However there was still significant growth and that growth was larger in 
some populations, given that a change in relative abundance of an organism during PHA 
accumulation must be as a result of growth of that population (Figure 7.6). 
Pyrotag analysis was conducted on samples through time, with some sampled after ~ 8-12 
hrs, and all samples being tested at the end of the accumulations (after 22-25 hrs). At the 
phylum level, 3000 sequences could be classified below domain level and belonged to 15 
formally described bacterial phyla and 2 candidate phyla and were affiliated to 17 bacterial 
phyla in total. The dominant phyla Bacteroidetes and Proteobacteria were present across all 
samples. The dominant phylum at the end of accumulation in most runs (excluding S3) was 
Bacteroidetes whereas in S3 the predominant phylogenetic group after accumulation was 
Proteobacteria (57%), which was the second most abundant phylogenetic group for the other 
samples. In all the accumulations except for S5, the combined abundance of Bacteroidetes 
and Proteobacteria increased with time.  
Pearson correlation analysis between measured variables and the relative abundance of 
OTU’s for the main bacterial genera present at the start of the accumulations (Flavisolibacter, 
OTU-2 and Zoogloea) did not detect any significant correlations, including testing for effect 
on ratio of PHA to active biomass (on a gCOD basis). However, a more detailed examination 
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(Figure 7.7) showed that there were some bacterial species that either consistently increased 
or consistently decreased in relative abundance in the population through the PHA 








































































































Figure 7.7. The differences in relative abundances of bacterial 16S rRNA genes at the genus 
level between initial biomass samples and those obtained at the end of the PHA accumulation, 
expressed as differences in % of OTUs in sample that were present at more than 1%. 
The observed richness (number of species) and equitability (Simpson’s diversity index) of the 
microbial communities through each accumulation was also analysed (Table 7.3).  
Despite a decline in relative abundance through the accumulations, Flavisolibacter still 
remained the most abundant genus across all samples except for S3, comprising between 29 
and 97% of the total sequences across the six runs after PHA accumulation. It was never the 
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most abundant genus for S3. Bacteroidetes species are widely distributed and known to store 
PHA and polyphosphate as their internal storage compounds (Kong et al. 2007). The next 
most dominant genera were the unclassified genus OTU-2 (most similar to Lutaonella) and 
Zoogloea. OTU-2 was the main organism to appear through all accumulations, and in 
particular had a higher relative abundance at the end of the accumulation in S1B (with 
propionic acid only feed); this was coupled with a strong decline in Flavisolibacter. 
Lutaonella, the most closely associated organisms to OTU-2, are yellow-pigmented, Gram-
negative, aerobic, non-motile, moderately thermophilic, rod-shaped bacteria; PHA granules 
have been observed after staining these cells with Sudan black (Arun et al. 2009). Zoogloea 
showed higher relative abundances in S3 (with acetic acid-only feed) at the end of the 
accumulation whereas there was an opposite pattern in all the other sequences.  
The community composition and the shifts in composition for the mixed feed sample S2B 
were very similar to those for the alternating feed samples S4A and S4B. However, the other 
alternating feed sample S5 (that had a higher dose of carbon per pulse) was phylogenetically 
more similar to the starting community of S1B throughout the accumulation, showing 
changes mainly in Flavisolibacter during the course of the accumulation. This sample had a 
much higher relative abundance of Flavisolibacter at the start of the accumulation than the 
other samples, which must have strongly influenced the final result. Sample S3 (acetic acid 
only feed) began with a higher Zoogloea content than the other runs and this increased on 
PHA accumulation. 
The community changes were subjected to PCA analysis on pre-processed data at the genus 
level for the top 15 OTUs for biomass samples collected through time for the six different 
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PHA accumulation runs. A four-component model was found to be optimum for this data set 
(Figure 7.8). For samples S1B in particular (propionic acid only feed) and also for S2B 
(mixed acetic/propionic acid) and S4B (alternating acetic and propionic acids), there was a 
large shift in population following accumulation, primarily along the PC2 axis. Samples S4A 
and S5, both subjected to an alternating feeding pattern, also evolved by shifting primarily 
along PC2. For all the alternating feeding samples there was a change in population between 
the midpoint and the end of the accumulation, with this being relatively small for the 
replicates S4A and S4B, while a larger shift in population was observed for the alternating 
feeding using a larger dose per pulse (S5).  
The largest shift in community occurred for the propionic acid only feed (S1B), with a strong 
decline in Flavisolibacter. By contrast, there was very little change for the acetic only run 
(S3). The combined and alternating feeding runs showed an intermediate response. These 
results are consistent with the fact that the community in the enrichment reactor was 
accustomed to a feedstock rich in acetic acid but with low propionic acid content, meaning 
that there would have to be an accommodation to this new acid feed. However, the shifts in 
community for S4A were slightly smaller than for S4B, despite being very similar in terms of 
feeding strategy, which may be related to the fact that there was considerably more growth 




Figure 7.8. PCA ordination highlighting differences in operational taxonomic units (OTU) 
abundance at the genus level between the complex microbial communities in the accumulation 
reactor under different feeding scenarios (4 Component Model).  
 
Overall, the results suggest robustness in the enrichment microbial community during PHA 
accumulation, due to the potential for adaptation to an accumulation feedstock that has a 
different composition compared to the source used for biomass production. This adaptability 
or flexibility of the community in response to the accumulation process is despite the 




The mixed culture community in this study, enriched on fermented whey waste, was 
dominated by the genera Flavisolibacter and Zoogloea and the unknown genus OTU-2, 
found within the phylum Bacteroidetes. There were significant fluxes in community 
composition over the 63 day period of the study, due mainly to shifts in the proportion of 
Zoogloea present. Despite these shifts, the PHA accumulation profile was found to be 
generally consistent, with very similar PHA storage yields, biomass growth rates and 
evolution of overall copolymer composition, showing that mixed culture PHA production 
seems to be functionally robust. Further investigations are required to determine the 
copolymeric compositional distribution in these as-produced materials, as well as the material 
and thermal properties.  
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 Mixed culture PHBV extraction and chemical and thermal 8
properties 
Poly(3-hydroxybutyrate) (PHB) homopolymer and poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) copolymers described in Chapters 5, 6 and 7 were extracted using 
2-butanol at different temperatures and particles sizes. The 3-hydroxyvalerate (3HV) content 
in the PHBV copolymers ranged from 33 mol% to 79 mol% as measured by GC-MS. Later 
analysis of the resulting extracted polymers using DSC, 13C NMR and 1H NMR revealed that 
feeding strategies used resulted in a mixture of PHA copolymers which were distinctly 
different in microstructure. 
 
 Introduction 8.1
Poly(hydroxyalkanoates) (PHAs), while presenting the benefit of being both bio-based and 
biodegradable polymers, have two disadvantages that may currently limit wider industrial 
scale applications in the polymer processing industry: their price is still high compared to 
commodity petroleum-based polymers, and the most widespread PHA polymer, PHB is a 
brittle material with high melting temperature (Tm) and crystallinity (Noda et al. 2010). For 
PHB related copolymers such as PHBV containing low 3HV monomer content (less than 
25%), PHB properties dominate, which limits the processing window and end-use 
applications (McChalicher and Srienc 2007). Introduction of 3HV units improves the 
mechanical properties of PHA, lowers melting temperatures and reduces brittleness (Laycock 
et al. 2013). Additionally, block copolymerisation is another means for mechanical property 
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alteration. The development of probable block copolymers in pure cultures with improved 
mechanical properties through alternation of VFA feed has been demonstrated (Pederson et 
al. 2006).  
The economic feasibility of PHA homo- and copolymers is subject to the final cell density, 
cellular growth rate, PHA cell content, harvesting time, substrate and the extraction and 
purification methods (Chen 2009). For this reason, PHAs produced using mixed cultures as a 
by-product of residuals management and environmental protection represent a means to 
reduce the production cost of PHA (Gurieff and Lant 2007), since the main financial and 
environmental costs are mainly attributed to energy and solvents used for downstream 
processes. 
Moreover, PHA production with diversified copolymer composition is achievable using 
mixed cultures due to the variety of pathways available among microbial species. On the 
other hand, owing to the inherent brittleness of short-chain length PHA, the properties of 
copolymer PHB-co-PHBV can still have similar brittleness disadvantages if the 3HV content 
is <25 mol%, and can suffer from detrimental aging effects due to secondary crystallisation 
(Laycock et al. 2013).  
In mixed cultures the microstructure frequently cannot be determined in a straightforward 
fashion and final properties are difficult to predict  (Arcos-Hernández et al. 2013). Polymer 
properties are not as intrinsic as the properties of simple chemicals and they are not 
exclusively manipulated by the polymerisation conditions, but also by processing conditions 
(Tirrell 1995). For improved polymer production, the molecular design must always be 
accompanied by tailored processing considerations in order to understand all the complex 
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factors and their interactions during the extraction, purification, and processing of these 
polymers. 
This work explores mixed culture PHA extraction efficiency using a non-chlorinated solvent 
(2-butanol) at different temperatures and biomass grain size. These extractions were 
benchmarked against reference chloroform extractions using published protocols (Laycock et 
al. 2014). The polymers extracted using the optimal conditions were then tested to determine 
their chemical composition as well as their thermal properties. Extraction methods could 
result in some changes to the polymer, for instance, loss of molecular weight as well as 
contamination by cell components and external impurities. TGA and molecular weight 
analysis were performed for selected samples to assess any such degradation in properties. 
 Materials and methods 8.2
 PHA-rich biomass production 8.2.1
Biomass rich in PHA was produced at pilot plant scale in AnoxKaldnes (Lund, Sweden) 
according to Chapter 4, with sample codes as detailed in section 4.1.3. One PHA 
accumulation with alternating pulses of acetic and propionic acid with a higher pulse 
concentration (≈ 200 mg/L) compared with Set 4 (≈ 100 mg/L) was carried out and labelled 
as Experiment 5 (Exp 5). After 20-25 h of accumulation, biomass was acidified to pH 2 with 
sulphuric acid (0.5 M) following methods disclosed by Werker et al. (2012). The PHA-rich 
biomass was centrifuged (3500 × g) and the supernatant decanted. The dewatered sludge was 




 Polymer extraction 8.2.2
PHA extraction in butanol. Dried biomass grains rich in PHA (150 mg) were placed in 12 mL 
standard (16 mm Ø) glass test tubes and extracted in 10 mL of 2-butanol (2-BuOH) for 45 
min in a heating block at a range of different temperatures (at set temperatures ranging from 
70 °C to 150 °C, in 10 °C steps). The size of the biomass grains were between 0.71 mm and 2 
mm. Test tubes were mixed from time to time using a vortex mixer to avoid biomass sticking 
to the bottom of the tube. After the set extraction time, biomass was allowed to settle and 
solvent was decanted into a petri dish to obtain a polymer film.  
PHA extraction in chloroform. The standard solvent for extraction of PHA is chloroform, and 
as such chloroform extraction was used as a reference for comparison. Biomass (300 mg) was 
weighed into 12 mL standard (16 mm Ø) glass test tubes and extracted in 5 mL of chloroform 
at 100 °C for 1 hour. During incubation, and every 15 minutes, contents were vortex-mixed 
for 10 seconds. Upon cooling, the chloroform supernatant was carefully decanted and 
filtered. The remaining solids in the test tube were washed with 2 mL aliquots of chloroform 
which were also decanted and filtered. The PHA in the decanted and filtered chloroform 
extract was precipitated by slow addition of 25 mL hexane. The precipitate was then 
collected by decantation and dried at 70 °C under high vacuum for 12 hours. 
The extraction yield using butanol and chloroform as solvents with decantation and solution 
cast evaporation was evaluated as follows: 
~h3]g/38	~9  	 $ ∙ $; ∙ ;  
160 
 
where: $  is the dry weight of the polymeric product recovered,  is the fraction 
of polymer in the product recovered (  was assumed to be 1 for the extracted 
polymer), $;  is the amount of biomass added to the test tube, and ;  is the 
fraction of polymer in the biomass as determined by TGA. Extraction yields obtained at 
different temperatures were fitted using sigmoidal and double sigmoidal equations. Fitting 
was carried out in Excel. 
 Thermogravimetric analysis (TGA) 8.2.3
TGA analysis (TA Instruments Q500) was undertaken in order to obtain polymer purity, 
decomposition temperature (Td) and water content. Before analysis, polymer samples were 
further dried in an oven for 1 h at 70 °C. Between 8 mg and 13 mg of selected samples was 
analysed. The temperature was increased from 25 °C to 100 °C under N2 using a ramp rate of 
10 °C/min, with a 10 min isothermal stage at 100 °C to remove any residual water was 
analysed. The nitrogen was then switched to air and the temperature increased at 10 C min-1 
to 600 °C. The decomposition temperature (Td) was determined by observing the peak in the 
weight loss slope (dw dT-1). Water content was obtained from the mass loss at 100 °C relative 
to initial mass, and polymer purity (with respect to inorganic content) was determined from 
the residual mass at 600 °C relative to initial mass. 
 PHA composition 8.2.4
Gas chromatography (GC) analysis using a Perkin-Elmer gas chromatograph was used to 
determine the PHA composition. The method was as described in Arcos-Hernández et al. 
(Arcos-Hernandez et al. 2010) and was based on an acid catalysed hydrolysis. Calibration 
was based on reference standards of a biologically sourced PHBV copolymer (30 mol% 
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3HV) (Sigma Chemicals, USA). The calibration standards were prepared by using the same 
method. 
 Differential scanning calorimetry (DSC) 8.2.5
Thermal properties of the polymers were investigated using DSC (TA DSC-Q2000). All runs 
were performed on 2.0–4.0 mg samples in a nitrogen atmosphere. The apparatus was 
calibrated using the onset of melting of indium (429.6 K) and the heat of fusion of indium 
(28.45 J g-1). The data obtained were used to calculate the glass transition temperature (Tg), 
crystallisation temperature (Tc), cold crystallisation temperature (Tcc), melting point (Tm), and 
fusion enthalpies (∆Hf). 
Standard DSC heating and cooling scans were performed at 10 °C min−1. No thermal pre-
treatment was applied in this case. Sample were heated at 10 °C min−1 to 185 °C, kept 
isothermal for 0.1 min then cooled at 10 °C min−1 to −70 °C and kept isothermal for 5 min. 
After this, the sample was once again heated at 10 °C min−1 to 185 °C, followed by rapid 
cooling at 100 °C min−1 to −70 °C before being kept isothermal for 3 min. In a final heating 
ramp, the sample was heated at 10 °C min−1 to 200 °C. The Tm and enthalpy of fusion, ∆Hm, 
were determined from the first heating ramp. The Tc and ∆Hc were determined from the 
cooling cycle following the first heating ramp. The Tg and Tcc were determined from the final 
heating cycle. Selected samples were also tested using two other heating rates of 5 °C min−1 
and 20 °C min−1 to 185 °C in a single heating cycle in order to further examine the origin of 




 Gel permeation chromatography (GPC) 8.2.6
Weight average molecular weight (Mw), number average molecular weight (Mn) and 
polydispersity index (PDI = Mw / Mn) were obtained using Gel Permeation Chromatography 
(GPC). GPC analyses were performed using a Waters 1515 HPLC solvent delivery system 
combined with a Wisp 717 auto-injector, a column set consisting of a Waters Styragel guard 
column (20 µm, 4.6 x 30 mm)) and a set of linear columns in series (Waters Styragel HR5 
(5.5 µm, 7.8 x 300 mm), Waters Styragel HR1 (5 µm, 7.8 x 300 mm) and Waters Styragel 
HR4 (4.5 µm, 4.6 x 300 mm)) and kept at 35 °C with a refractometer/UV-Vis detector set at 
37 °C. HPLC grade chloroform was utilized as the continuous phase at a flow rate of 1 
mL/min. The polymer molecular weight was calibrated with reference to polystyrene 
standards. Polymer samples were dissolved in HPLC chloroform at a concentration of 10 
mg/mL and the solution was filtered. 100 µL of this solution was used for analysis. 
 Proton and carbon nuclear magnetic resonance (1H NMR and 8.2.7
13C NMR) 
Quantitative 1H and 13C high-resolution one-dimensional NMR spectra were acquired at 
298K in deuterochloroform (CDCl3) (10 mg/mL for 1H and 40 mg/mL for 13C) on a Bruker 
Avance 500 spectrometer. The relative peak intensities of 1H and 13C NMR spectra were 
determined using PeakFit Software. T1 relaxation times were determined using the inversion-
recovery method reported previously (Dai et al. 2008), and pulses of 45 ° were used. 
Chemical shifts were referenced to the residual proton peak of CDCl3 at 7.26 ppm and to the 
carbon peak of CDCl3 at 77 ppm. 
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NMR spectra were used to study composition as well as study sequence monomer 
distribution of the produced PHA using two parameters: D and R, as reported by Kamiya et 
al. (Kamiya et al. 1989) and Žagar et al. (Žagar et al. 2006) respectively. 
D is equal to 1 for a statistically random copolymer; for block copolymers D >1 and for an 
alternating copolymer D <1. When D >1.5 the material is considered either a mixture of two 
or more random copolymers or a blocky copolymer. However D is not sensitive to the broad 
chemical composition distribution (CCD) of PHAs. Parameter R is the ratio of the number 
average lengths of HV blocks, L(VR), to the experimental number average sequence lengths 
of HV units L(VE). An R value of 1 should correspond to completely random distribution of 
3HB and 3HV units and an R equal to 0 would indicate for a diblock copolymer. The 
parameter R is less sensitive to the presence of blends (Arcos-Hernández et al. 2013). 
 Results and discussion 8.3
 Extraction efficiency 8.3.1
The main factors impacting the extraction are: concentration of biomass in solvent, the 
biomass particle size, cell-wall structure, the length of the extraction, and the temperature 
(Kshirsagar et al. 2013). A first set of extraction experiments using 2-butanol at temperatures 
ranging from 70 °C to 150 °C in 10 °C increments was made using PHA-rich biomass. The 
concentration of biomass was set at 15 mg/mL and the extraction time was set at 45 min for 




Figure 8.1.Extraction kinetics using 2-butanol using different temperatures from 70 oC to 150 
oC. (a) Exp Set 2: 100% propionic acid; (b) Exp Set 3: 50% acetic acid and 50% propionic acid 
fed simultaneously; (c) Exp Set 4: 100% acetic acid alternating with 100% propionic acid; (d) 
(c) Exp Set 5: 100% acetic acid alternating with 100% propionic acid (longer pulse 200 mg 
COD/L).  Exp,  Exp’ (1st extraction – biomass as received, grains 0.71-2mm)  Exp,  
Exp’ (2nd extraction – fine grains ≈ 1 mm) 
The extraction model at different temperatures was based on a two-site kinetic model 
(Karacabey et al. 2013) consisting of two first-order expressions as follows: 
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(   ∙  11 + ~1∙1 + 1 − 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 
where C is the extraction yield, x is the extraction temperature (oC), f is the fraction of the 
polymer released quickly, (1–f) is the fraction of the polymer released slowly, k1 is the first-
order rate constant describing the fast releasing fraction (min-1), k2 is the first-order constant 
rate constant describing the slow releasing fraction (min-1), x0 is the location of the peak 
value. The sigmoidal fitting coefficients are summarized in Figure 8.1. Extraction kinetics for 
samples from Sets 1, 4, 4’ and 5 were accurately described with the quickly released fraction 
only, therefore	  1, and the expression can be simplified to: 
(  11 + ~1∙1 
Recovery yields below 100% were achieved in all cases; particularly low yields were 
obtained in the biomasses fed with 100 % acetic acid (Exp set 1, data not shown). Thus 
additional extractions were undertaken in order to improve the extractive yields (diamonds 
Figure 8.1). New extractions were performed using the same biomass samples but ground to a 
smaller particle size (≈ 1 mm). 
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Table 8.1. Sigmoidal fitting  
 
1st extraction set (biomass as received, grains 0.71-2mm) 2st extraction set (fine grains ≈ 1 mm) 
Parameter Exp 2 Exp 2′ Exp 3 Exp 3’ Exp 4 Exp 4’ Exp 5 Exp 2 Exp 2′ Exp 3 Exp 3’ Exp 4 Exp 4’ Exp 5 
f 0.65 0.49 0.73 0.80 1 1 1 0.96 1.00 0.99 1.03 1 1 1 
k1 0.20 0.07 0.10 0.06 0.05 0.08 0.08 0.07 0.18 0.15 0.19 0.22 0.12 0.15 
k2 0.2 0.2 0.2 0.2 - - - 0.20 0.20 0.20 0.20 - - - 
x01 81.4 89.6 89.6 162.4 124.8 128.9 0.1 79.14 84.88 83.55 86.31 135.06 105.85 119.34 
x02 231 231 231 231 - - - 231.17 231.17 231.17 231.17 - - - 
SSR 0.057 0.055 0.045 0.014 0.004 0.041 0.009 0.02 0.01 0.00 0.00 0.02 0.00 0.01 
R2 0.892 0.799 0.904 0.964 0.942 0.799 0.833 0.863 0.978 0.995 0.992 0.947 0.999 0.916 
SSR – Sum of the square of the differences between the experimental yield values and the sigmoid fit values. R2 – Squared correlation coefficient 
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 Biomass grain size effect on extraction efficiency 8.3.2
The effects of biomass particle size and biomass dryness on extraction efficiency using 2-
BuOH were evaluated for the 9 materials using different grain sizes at 140 oC (Table 8.2). 
Extractions with powdered biomass resulted in yields over 100% (ignoring the purity of the 
extracted material) indicating that suspended biomass particles were likely included in the 
polymeric material. It should be noted that because of the rapid crystallisation of PHA from 
2-BuOH on cooling, filtration of hot solutions would have resulted in loss of product. 
Further sets of experiments with fine biomass grains (about 1mm Ø) that were able to settle 
before solvent decantation showed good recovery fractions for all materials, especially for 
Exp 4 (with respect to the grains between 0.7 and 2 mm). However, Exp 1 and Exp 1′ (that 
produce PHB) still gave very low extraction yields. 
A third experiment using fine biomass grains (about 1mm Ø) that were also dried overnight 
at 70oC before the test was carried out to determine the effect of moisture on extraction 
yields, particularly for materials Exp 1, Exp 1’ and Exp 4. The moisture content in the 
biomass samples was kept below 2% w/w. Moisture removal improved extraction yields for 
most samples, especially for sample Exp 4. However, extraction yields remained low for Exp 
set 1. 
Overall, unusually low extraction yields were obtained for Exp set 1 for all particle sizes and 
temperatures at UQ. However, extractions performed at AnoxKaldnes (Lund, Sweden) using 
2-butanol at 140 ºC for 45 mins achieved 98% and 100% extractive yields using biomass 
grains and powder, respectively. This result remains unexplained. 
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Table 8.2. Recovery yields after extraction with butanol at 140 oC with different biomass grain 
size and their comparison with chloroform extraction at 100 oC. 
 Extraction 2-BuOH Extraction CHCl3 
Sample Grains (0.71-2 mm) Powder 
Fine grains 
(~1 mm) 
Fine grains (~1 mm) 
Dried overnight 70oC 
Exp 1 0.02 0.17 0.14* 0.13 0.28 
Exp 1′ 0.02 0.26 0.12* 0.12 0.09 
Exp 2 0.70 1.14 0.81 1.03 0.33 
Exp 2′ 0.51 1.37 0.87 1.03 0.72 
Exp 3 0.71 1.24 0.97 1.01 0.47 
Exp 3′ 0.78 1.09 0.97 1.01 0.38 
Exp 4 0.19 0.85 0.43 0.77 0.50 
Exp 4′ 0.66 1.04 0.95 1.00 0.81 
Exp 5 0.66 1.05 0.93 1.05 0.43 
*Extraction time was 90 min at 140 oC 
In order to determine chemical and thermal properties of the polymer extracts, samples were 
chosen using the best case procedure, with dried fine biomass grains (about 1 mm Ø) 
extracted for 45 mins at 140 °C.Extraction yields using chloroform were markedly lower 
compared with 2-butanol (Table 8.2). This may be explained by the lower temperature 
process or because polymer was retained in the filter paper even though solvent wash was 
performed. 
 Final polymer composition and molecular weight 8.3.3
As noted in Chapter 5, mixed culture PHAs were found to change their composition with 
time during simultaneous growth and accumulation (see Figure 5.3). Therefore these 
polymeric materials are representative of the time during the process at which materials were 
taken, at the end of the accumulation cycle. Composition data are summarised in Table 8.2 
with results from both Gas chromatography (GC) analysis and nuclear magnetic resonance 
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spectroscopy (NMR) given. The proportions of 3HV monomers in the biomass before 
extraction and in the final polymer were found to be the same. 
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100% Acetic acid 
0.65 0 0.03 n.d. 287.2 222.5 
1′ 0.63 0 0.04 n.d. 280.0 n.d. 
2 
100% Propionic acid 
0.43 0.70 0.72 0.80 284.2 220.4 
2’ 0.49 0.79 0.81 n.d. 283.7 235.5 
3 50% Acetic/ 50% 
propionic acid 
0.53 0.41 0.42 0.34 286.1 229.6 
3′ 0.57 0.46 0.45 0.35 285.5 221.6 
4 100% Acetic acid – 
100% propionic acid 
(alternating) 
0.56 0.33 0.33 0.41 286.2 224.8 
4’ 0.51 0.33 0.34 0.31 285.1 234.6 
5 
100% Acetic acid – 
100% propionic acid 
(alternating) 
0.49 0.38 0.40 0.41 284.5 242.3 
n.d. – not determined
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A summary of the molecular weights and polydispersities for polymers extracted using both 
chloroform and 2-BuOH is given in Table 8.4. Despite the lower yields for chloroform 
extraction, similar molecular weights and polydispersities were obtained by the two methods. 
Polydispersities in materials obtained in accumulations fed with propionic acid (Exp set 2) 
were higher and molecular weights were somewhat lower. 
Table 8.4. Molecular weights and polydispersities of product extracted with 2-butanol and 
chloroform 
 
 Determination of microstructure of PHA samples 8.3.4
For the materials produced under alternating feeding strategy (materials 4, 4′ and 5), it was 
expected that acetic and propionic acid feeding pulses would produce repeated blocks of PHB 
and PHV rich sections, respectively. The polymer microstructure from the five experimental 










x 10-5) PDI  
1 11.0 4.1 2.6 10.7 4.1 2.6 
1′ 7.9 0.6 13.2 7.9 0.6 13.2 
2 4.1 0.3 15.0 4.05 0.27 15.0 
2′ 3.6 0.2 16.7 2.92 0.24 12.2 
3 4.4 0.5 9.6 3.1 0.4 8.8 
3′ 7.1 1.6 4.6 6.1 1.1 5.6 
4 6.5 2.5 2.6 6.7 3.0 2.2 
4′ 9.5 4.2 2.3 8.9 2.9 3.1 
5 8.2 2.9 2.8 8.3 3.7 2.2 
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conditions was examined by 13C NMR and the parameters D and R were calculated (Table 
8.5). 
Table 8.5. Microstructure of PHA copolymer samples by 13C NMR analysis 
Sample Substrate k D R L(EV) L(VR) 
2 
100% Propionic acid 
0.25 1.50 - 1.44 5.07 
2’ n.d. n.d. n.d. n.d. n.d. 
3 50% Acetic/ 50% 
propionic acid 
1.96 1.59 0.78 1.94 1.51 
3′ 1.87 1.86 0.70 2.30 1.53 
4 100% Acetic acid – 
100% propionic acid 
(alternating) 
1.43 51.9 0.80 2.12 1.70 
4’ 2.24 3.75 0.50 2.89 1.45 
5 
100% Acetic acid – 
100% propionic acid 
(alternating) 
1.19 1.88 0.78 2.42 1.89 
Experimental number average sequence lengths of HV units – L (EV) and number average sequence 
length of randomly distributed HV units in copolymer – L(RV); R=L(RV)/L(EV). Ratio between 
concentration of 3HB and 3HV units – k. 
n.d. not determined 
 
Samples exhibited a D value equal or greater to 1.5, which indicates that in all cases, 
mixtures of copolymers and/or blocky copolymers were obtained. Higher D values were 
obtained for materials 4 and 4’ when compared with materials obtained in accumulations fed 
with propionic only or a mixture of acetic and propionic acids (2, 3 and 3′). In the case of 
material 5, where larger feeding pulses were supplied, the D value was smaller than for 
materials 4 and 4’. A particularly high D value (D = 51.9), indicating a probable block co-
polymer, was obtained for material 4; this outcome is consistent with the results achieved by 
Arcos-Hernández et al. (2013). However, the switching feeding strategy in this work was 
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based on alternating pulses while Arcos-Hernández et al. (2013) strategy was based on 
alternating feeds with a fixed timing. 
On the other hand, R values were above 0.70 for all materials, except for material 4′ for  
which R was 0.5. 
 Thermal properties  8.3.5
Table 8.6 presents the results of the thermal analysis. For materials produced using constant 
feeds containing propionic acid (Set 2 and Set 3), two melting temperatures Tm were 
identified, and the results matched with the microstructure analysis. On the other hand, for 
materials produced using alternating feedings (Set 4 and Exp 5), at least some degree of block 
copolymerisation was anticipated and in this case, up to three melting points were identified. 
Multiple Tm values may indicate differences in the molecular weight distribution among 
components, a degree of co-crystallisation between 3HV and 3HB fractions, the presence of 
phase separated blends, as well as from melting, recrystallisation, and remelting during 
heating, the presence of more than one crystal modification, different morphologies, physical 
ageing and orientation effects. 
The glass transition temperatures ranged from -20 to -2 °C. As expected, PHB homopolymer 
(material 1′) had a higher Tg compared with the 3HV-rich copolymers (materials 2 and 2’). 
Materials produced using alternating feedings showed up to two Tgs; it was an unexpected 
result that 4′ had only one Tg and one that was more consistent with a low-3HV copolymer. 
This result also remains unexplained at this point. 
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Table 8.6. Thermal Properties from DSC analysis 
Sample Substrate Tm (°C) ∆Hm (J/g) Tc (°C) ∆Hc (J/g) Tcc (°C) ∆Hcc (J/g) Tg (°C) 
1 
100% Acetic acid 
138.1/164.5 6.7/53.2 111 46.6 - - - 
1′ 157.5 58.2 94.7 55.1 - - -7.5 
2 
100% Propionic acid 
60.5/82.2 3.8/39.8 - - - - -15.6 
2′ 47.5/85.6 1.9/54.1 - - - - -17.7 
3 
50% Acetic/ 50% propionic 
acid 
57.1/81.7 4.2/16 - - - - -6 
3′ 57.6/82.1 7.8/15.5 - - - - -6.4 
4 
100% Acetic acid – 100% 
propionic acid (alternating) 
82.4/140/164.3 22/9.1/43.7 101.5 39.9 40.9 10.6 -20.2/2.3 
4′ 81.2/120.1/161.3 8.8/3.5/5 54.6 5.5 67.4 17.3 -2.2 




In this work PHBV copolymers produced by mixed cultures produced under different feeding 
strategies were efficiently extracted using non-chlorinated solvents. PHA copolymers with a 
diversity of compositions and microstructures were obtained by varying feeding compositions 
and strategies. Determination of molecular weight, polydispersity and thermal properties of 
the as-produced polymers matched the microstructure analysis confirming that the product 
was a mixture of copolymers. Further fractionation studies will enable the diversity of 




 In-line monitoring of thermal degradation of PHA during 9
melt-processing by Near-Infrared spectroscopy 
This chapter is a modified version of “In-line monitoring of thermal degradation of PHA 
during melt-processing by Near-Infrared spectroscopy” published in New Biotechnology” 
Polyhydroxyalkaonate (PHA) biopolymer processing is often challenged by low thermal 
stability, meaning that the temperatures and time for which these polymers can be processed 
is restrictive. Considering the sensitivity of PHA to processing conditions, there is a demand 
for in-line monitoring of the material behaviour in the melt. This chapter investigates the 
application of Near-Infrared (NIR) spectroscopy for monitoring the thermal degradation of 
polyhydroxyalkanoates during melt processing. Two types of materials were tested: two 
mixed culture PHAs extracted from biomass produced in laboratory and pilot scale after an 
acidic pre-treatment, and two commercially available materials derived from pure culture 
production systems. Thermal degradation studies were carried out in a laboratory scale 
extruder with conical twin screws connected to a Near-Infrared spectrometer by a fibre optic 
to allow in-situ monitoring. Multivariate data analysis methods were applied for assessing 
thermal degradation kinetics and predicted the degree of degradation as measured by 1H 
NMR (proton nuclear magnetic resonance spectroscopy). The pre-treated mixed culture 
PHAs were found to be more thermally stable when compared with the commercial pure 




 Introduction  9.1
Polyhydroxyalkanoates (PHAs) are biodegradable polymers that are accumulated by most 
bacteria as carbon and energy stores (Lee 1996) and have properties comparable to those of 
petrochemical plastics (Keshavarz and Roy 2010). Commercial production is currently by 
means of pure culture production systems. However, PHA production by mixed cultures, 
which can use organic residuals as the raw feedstock carbon source, represents an attractive 
alternative for reducing costs since good yields can now be achieved and productivity values 
are comparable to pure culture systems (Serafim et al. 2004, Johnson et al. 2009). Moreover, 
the use of mixed cultures represents an environmentally sustainable technology (Gurieff and 
Lant 2007). With respect to polymer characterization, it has been shown that PHAs 
synthesized by mixed cultures have average molecular weights, polydispersities, glass 
transition temperatures, and crystallinities within the same range as PHAs with comparable 
monomer compositions obtained from pure cultures (Serafim et al. 2008). Even though mixed 
culture PHAs have similar physicochemical properties as those from pure cultures, their 
performance during processing and relative similarities or differences in thermal stability has 
not yet been well-established. 
Historically, PHAs have exhibited low thermal stability at temperatures over 170 °C 
(Kunioka and Doi 1990, Ozaki 2012). Poly(3-hydroxybutyrate) (PHB) in particular has been 
found to have a melting temperature that is very close to its degradation temperature, 
reducing the range of temperatures and times for which it can be processed (Leroy et al. 
2012). Most PHB degradation studies have been carried out using samples prepared under 
laboratory conditions, and only in a few studies were the polymeric materials submitted to 
high temperatures and shear by the major melt forming techniques such as extrusion 
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(Krishnaswamy et al. 2009, Pachekoski et al. 2013) and/or injection moulding (Gogolewski 
et al. 1993, Scaffaro et al. 2012). In the polymer industry, extrusion is a continuous process 
commonly used to form specific products from raw materials by forcing them though a 
shaping die (Osswald and Hernández-Ortiz 2006) and NIR spectroscopy has been reported to 
be a reliable tool in extrusion processes where in-line monitoring is needed. (Rohe et al. 
1999, Coates et al. 2003, Dumitrescu et al. 2005, Barrès et al. 2006, Moghaddam et al. 2012). 
As a result of the demands for high quality and environmentally friendly products in the 
polymer industry, there is a utility for robust, rapid, non-invasive and cost effective real-time 
melt monitoring methods. Near-Infrared (NIR) spectroscopy is a spectroscopic method that 
uses the near-infrared region of the electromagnetic spectrum (from about 800 nm to 2500 
nm) (Ozaki 2012), which facilitates the measurement of the concentration profiles of 
components as a function of time. Its relevance to the polymer and plastics industry has 
increased markedly in recent times (Hansen and Khettry 1994) due to the development of 
inexpensive silica fibre optics and numerous advantages including high signal-to-noise ratio, 
and deep penetrating integration volumes (Siesler 1991).  
In melt processing, NIR imaging is useful since it is sensitive to changes in hydrogen bonding 
which determine the crystal structure (Hu et al. 2006) and during polymer modification is 
also useful to understand the molecular interactions (Saerens et al. 2012). Interesting 
processing characteristics during extrusion can be monitored in real time by NIR 
spectroscopy including copolymer melt and additive composition (Barnes et al. 2007), degree 
of polymerization (Hansen and Vedula 1998), chemical modification of polymer melts 
(Barrès et al. 2006, Moghaddam et al. 2012), and blend composition (Coates et al. 2003, 
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Moghaddam et al. 2006). NIR jointly with the application of multivariate data analysis 
methods (Moghaddam et al. 2009) can provide relevant information regarding the polymer 
condition during processing.  
This paper presents the in-line monitoring of thermal degradation of polyhydroxyalkanoates 
by Near-Infrared spectroscopy during melt-extrusion. In combination with multivariate data 
analysis, Near-Infrared spectroscopy is used as a tool to identify spectroscopic shifts due to 
thermal degradation related material changes. NIR may, for example, monitor for the 
formation of chemical products arising from the material decomposition. Principal 
Component Analysis (PCA) was used to map the significant variations in the 
multidimensional data and assess the trends of thermal degradation of PHA samples 
synthesised by mixed cultures compared with commercially available PHA as reference 
materials. Partial Least Squares (PLS) regression was applied in order to detect chemical 
changes during thermal degradation due to formation of co-oligomers with unsaturated end 
groups. 
 Materials and Methods 9.2
 Materials 9.2.1
Four different materials were tested. A pure culture PHB (poly(3-hydroxybutyrate)) reference 
material without processing additives produced by Biomer® biopolyesters (PC-PHA1) and a 
commercial poly(3-hydroxybutyrate-co-3-hydroxyvalerate) PHBV, Enmat Y1000, purchased 
from TianAn Biologic (China) (PC-PHA2) were used as received. Two mixed culture PHAs 
were also produced and extracted from mixed culture biomass using different laboratory scale 
accumulating reactors, one at The University of Queensland (MC-PHA1), and a larger scale 
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pilot plant at AnoxKaldnes AB (MC-PHA2) in Lund Sweden. The effect of one common 
plasticizer (glycerol) which was been shown to decrease the thermal stability of PHA 
(Abdelwahab et al. 2012) was assessed in a commercial material (TianAnTM) as reference 
(PC-PHA2+Gly). The material properties are listed in Table 9.1. The Tg value decreases with 
the increase on 3HV content as reported in previous studies (Wang et al. 2001, Laycock et al. 
2014). While Tm values also decreased with an increase in 3HV content. However it is known 
that Tm values increase again at 3HV contents higher than 40-50 mol % (Wang et al. 2001). 
Table 9.1. Material properties of PHA used for the degradation studies 
 Material  HV 
(%Cmol) wM  
(kDa) 












PC-PHA1 <1 624 372 1.7 175 0.0 285 




MC-PHA1 36 795 110 7.2 89 -10.5 285 
MC-PHA2 7 532 170 3.2 156 0.47 283 
 
The PHA production process at The University of Queensland used biomass sampled directly 
from a carbon removal wastewater treatment plant in Brisbane, Australia, in a similar fashion 
of direct accumulation to that reported in Arcos-Hernández et al. (Arcos-Hernandez et al. 
2013). After sampling, the biomass (activated sludge) was kept at 4 °C in a cold room for 24 
hours before being warmed up to room temperature (24 °C) for use in an accumulation 
system. The system consisted of a 25 L aerated fed batch reactor filled with 20 L WAS (~ 4 
g/L TSS), stirred using a manual overhead stirrer. In order to induce accumulation of PHA, a 
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pulse feeding carbon addition strategy controlled by dissolved oxygen (DO) was 
implemented (Arcos-Hernandez et al. 2010) with a DO set-point at 4.5 ppm oxygen. A 1:1 
mixture of acetic acid and propionic acid (on a gCOD/L basis) was used as the refined 
substrate, and the total COD concentration was 25 g/L.  
After 8 hours of accumulation, the pH of the biomass suspension was adjusted to pH 2 with 
0.5 M sulphuric acid following methods disclosed by (Werker et al. 2012). This biomass was 
then concentrated by centrifugation (3500 rpm, 10 minutes) to obtain a cake which was dried 
at 70 °C overnight. Dried biomass was then ground and extracted using 1 litre refluxing 
chloroform for 8 hours followed by standing in chloroform for 5 days. After filtering, the 
resulting solution was dried then redissolved in 150 mL chloroform; purified PHA was 
precipitated out by the addition of 1500 mL hexane and vacuum drying overnight. 
The PHA from AnoxKaldnes was produced from a biomass grown on a fermented dairy 
wastewater. In this case the feed consisted of a fermented dairy whey permeate and the 
accumulation was performed according to the methods described by Werker et al. (2013). 
Once again, the biomass was acidified to pH 2 prior to extraction (Werker et al. 2012). PHA 
was extracted with acetone in a closed 1-litre vessel at 125 °C for 2 hours. The residual 
biomass was filtered away from the hot polymer laden solvent and the PHA was precipitated 
by adding water. Remaining solvent in PHA-rich precipitate was removed by filtration and 
the polymer was dried at 70 oC. 
Glycerol was added at the rate of 1 wt% to TianAn™ before being extruded in the usual 
fashion. All the materials were dried at 60 °C for 24 h in a vacuum drying oven to eliminate 
the moisture before every experiment.  
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 Laboratory scale extruder and NIR spectra acquisition  9.2.2
For each sample, thermal degradation studies were carried out in a Thermo-Haake Minilab 
Rheomex CTW5 laboratory scale extruder (Thermo-Electron), with conical twin screws of 
diameters of 5–14 mm and a length of 109.5 mm. The extruder was connected to a Nicolet 
nexus NIR spectrometer by a fibre optic to allow in-situ NIR monitoring though a sapphire 
window. The fibre optic probe was a 360N SABIR containing 28 fibres of up to 1000 µm in 
diameter to interface the extruder to the spectrometer. NIR spectra were collected in the range 
10,000-4000 cm-1. In the experiments, 128 scans were collected at a resolution of 8 cm-1, 
which required a collection time of 37.5 s. The experimental set-up is shown as Figure 9.1. 
 
Figure 9.1. Set-up of the extruder with NIR fibre optic probe 
In the five experiments, 5 g sample was fed into the Minilab extruder and experiments were 
performed at 200 °C. For all experiments, the screw speed was set to 50 rpm and the sample 
was processed in the Minilab in recirculating mode for 180 min. A flush channel in the 
Minilab allows samples to be collected through the die.  
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6.1.1 Analytical techniques 
Molecular weight. Weight average molecular weight (
wM ), number average molecular 
weight (
nM ) and polydispersity index (PDI = nw MM / ) were obtained using Gel Permeation 
Chromatography (GPC). 
GPC analyses were performed using a Waters 1515 HPLC solvent delivery system combined 
with a Wisp 717 auto-injector, a column set consisting of a Waters Styragel guard column (20 
µm, 4.6 x 30 mm) and a set of linear columns in series (Waters Styragel HR5 (5.5 µm, 7.8 x 
300 mm), Waters Styragel HR1 (5 µm, 7.8 x 300 mm) and Waters Styragel HR4 (4.5 µm, 4.6 
x 300 mm)) kept at 35 °C with a refractometer/UV-Vis detector set at 37 °C. HPLC grade 
chloroform was utilized as the continuous phase at a flow rate of 1 mL/min. The polymer 
molecular weight was calibrated with reference to polystyrene standards. 
Proton nuclear magnetic resonance. High resolution one-dimensional 1H NMR spectra were 
acquired at 298 K in deuterochloroform (CDCl3) (10 mg/mL) on a Bruker Avance 500 
spectrometer. The relative peak intensities of 1H spectra were determined using PeakFit 
Software 20. Chemical shifts were referenced to the residual proton peak of CDCl3 at 7.26 
ppm. 
The NMR spectra were analysed in order to obtain the ratio of the areas of the proton 
associated with the tertiary carbon located in the PHA backbone (5.24-5.15 ppm) (Dai et al. 
2008); the CH groups present in the butenyl or propenyl endings (6.98-7.0 ppm) (Nguyen et 
al. 2002, Hablot et al. 2008); the trans- (7.1 ppm) and cis- (6.5 ppm) CH groups associated 
with crotonic acid (Ariffin et al. 2008) and the CH groups of trans-2-pentenoic acid (7.14-
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7.15 ppm) (Nguyen et al. 2002). Integration of these peaks was performed in PeakFitv4® in 
order to establish a relative ratio of the different species in the mix. 
 NIR data analysis 9.2.3
Pre-processing. The spectral region between 4300 cm-1 and 6200 cm-1 was pre-processed 
prior to calibration. The spectral data were first normalized with MSC (Multiplicative scatter 
correction) and then second derivative spectral was obtained applying the Savitzky–Golay 
algorithm (11 point filter window) (Savitzky and Golay 1964) in order to minimize the effect 
of baseline shifts. Derivatives are broadly used in spectroscopy to remove both additive and 
multiplicative effects in the spectra (Rinnan et al. 2009). All data sets were mean centred 
prior to model development. 
PCA calibration. The PCA analysis was performed in MatLab® 7.10 (Mathworks, Natick, 
Massachusetts, USA) using PLS-Toolbox® V.5.2.2 software package (Eigenvector Research, 
Manson, Washington, USA). 
PLS calibration and prediction. Once all samples were characterized with respect to %CH 
groups in the backbone and in the co-oligomers using 1H NMR, a regression model was 
established using partial least squares (PLS) by executing using PLS-Toolbox® V.5.2.2 for 
Matlab®. The calibration set comprised 314 samples. Cross-validation (contiguous blocks) 





 Results and Discussion 9.3
 Material characterisation by Near Infrared 9.3.1
The raw NIR spectra of the PHB reference commercial material (PC-PHA1) and the mixed 
culture PHBV (MC-PHA1) in the 6200-4300 cm-1 region are given in Figure 9.2a. The bands 
due to the combination and first overtone of the CH stretching vibrations and that of the 
second overtone of the C=O stretching vibration are characteristic in PHA spectra (Furukawa 
et al. 2007). The NIR bands in the region of 6100-5600 cm-1 overlapped, which complicated 
the band assignments. Moreover, one known limitation with NIR spectroscopy is light 
scattering gains, which may be minimised by calculating the second derivative spectra 
(George et al. 2006). Figure 9.2b shows the second derivative spectra for these two materials, 
which were typical of all the other PHA samples tested (where the negative peaks correspond 
to the positive peaks in the raw spectra). 
Differences between these two materials were more pronounced in the second derivative 
spectra and were attributed to the influence of HV content differences (since the MC-PHA1 
material had 36%Cmol HV while the PC-PHA1 material was predominantly comprised of 
PHB with less than 1%Cmol %HV). The MC-PHA1 material with higher HV content had 
peaks slightly shifted and included additionally low intensity peaks at 4964 and 4529 cm-1. 
Comparison with literature (Hu et al. 2006, Furukawa et al. 2007) permitted band 












(cm-1) (Furukawa et al. 
2007) 
C-H methyl (CH3) stretching first 
overtone 
5960 5917 
CH3 stretching first overtone 5828 5813 
C=O stretching second overtone  5160 5127 
C=O stretching + CH3 stretching 
combination 
4730 4716 
CH3 stretching + CH deformation 
combination 
4450 4424 




Figure 9.3 illustrates the sensitivity of NIR spectra to time-dependent structural changes due 
to thermal degradation during melt processing. Second derivative spectra were found to 
provide a better measure of the spectral changes through time and, as expected, the 
characteristic PHA peaks changed significantly during melt-extrusion due to thermal 
degradation. The enlarged projection shown in Figure 9.3 displays the band at 5160 cm-1 (Hu 
et al. 2006) corresponding to the second overtone of the functional group COOR (ester) 
(Siesler 1991) in the amorphous phase which attenuated with time. In this region there were 
no other combination or overlapping peaks, making this band a good indicator of the 
degradation kinetics. A small peak appeared at 5345 cm-1 due to the C=O stretching second 
overtone for carboxylic acids (COOH) (Holman and Edmondson 1956) which is a group 
present in PHA degradation products: ester chain with carboxylic acid as end groups (Galego 




































Figure 9.2. (a) Raw NIR spectra and (b) the second derivative spectra of melted PHBV at time 
zero, dotted line mixed culture PHA (MC-PHA1), continuous line pure culture PHB (PC-PHA1) 
The peak at 4450 cm-1 also showed a reduction in signal, although this was not as pronounced 





from 4450 to 4425 cm-1 and increased in intensity during the thermal processing. This band 
matched with the CH3 stretching and CH deformation and this shift could be explained by the 
formation of oligomers with unsaturated propenyl endings (Nguyen et al. 2002). There was a 
distinct peak appearing at 4347 cm-1 whose band assignment corresponded to CH2 stretching 
and CH deformation and it is a characteristic peak in crotonic and 2-pentenoic acids (Holman 
and Edmondson 1956). 
Because of the difficulty of inferring the thermal degradation kinetics from the NIR spectra 
based on the intensity of a wavenumber region due to the overlapping bands and broad 
distribution even in the second derivative spectra, a multivariate statistical analysis was 
applied in order to reduce the spectral information to variables that could be correlated to the 




Figure 9.3. Second derivative spectra of the averaged spectra from each of the 79 sampling 
points. (PC-PHA1). Upward arrows indicate features which decrease with time. Downward 
arrows indicate features which increase with time. (a) Enlargement of the C=O stretching 
region  
 Principal Component Analysis 9.3.2
The intensity changes of certain NIR bands have been used to monitor polymer processing 
and can reflect the instantaneous rates of thermal degradation reactions. Real-time monitoring 
of spectra can give comprehensive and direct feedback regarding the overall rate of reaction 
compared with off-line measurements such as 1H NMR, GPC and DSC.  
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In this sense, Principal Component Analysis may be applied to complex NIR spectra to 
monitor and optimize material processing parameters that influence the thermal degradation 
kinetics. The spectral data from the five different experiments were decomposed by PCA into 
a set of small scores that relates to thermal decomposition during extrusion. An initial PCA 
run was performed across the whole spectrum (4000-9000 cm-1) in order to remove poor 
quality spectra due to experimental conditions and to identify and filter spectra and/or 
spectral regions that did not contain variation coherent with trends in the thermal degradation. 
A second PCA was performed on the spectral region between 4300-6200 cm-1, with the aim 
of observing the spectral changes for different sampling times and materials (Table 9.3). 
Table 9.3. Principal Component Analysis of NIR spectra 
  
Num. PCs 2 
Pre-processing MSC (mean), 2nd Derivative 




%Variance PC1 69.51 




Figure 9.4 shows the PCA scores for PC1 after normalization and baseline correction 
(Multiplicative Scatter Correction MSC and Savitzy-Golay derivation). The first two 
principal components account more than 92% of the spectral variation over time. PC1 
explained 69% of the total variance between the samples. In Figure 9.4, two groups can be 
distinguished, corresponding to different sampling times, and there exists a clear separation 




























Figure 9.4. PC1 scores plot with time for NIR spectra obtained from melt processing  
This multivariate technique decomposes the data into a number of PCs (Principal 
components) and a set of ‘scores’ and ‘loadings’. The scores of PC1 versus time reflected the 
kinetic information regarding polymer thermal degradation (Figure 9.4), as validated by 1H 
NMR and 
wM  data (discussed later). The relative measures of degradation are given by slope 
changes in PC1 scores during the thermal processing. PC1 scores have arbitrary units; every 
material data set had different scales due to spectral background. The scores for this factor 
showed higher change for pure culture PHAs through time compared with the scores of 
mixed culture PHAs, which remained almost constant during the process. This corresponded 
with a higher degree of spectral change with time for the pure culture PHAs, which suggested 
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that these polymers underwent a higher degree of degradation during the thermal processing. 
These results correlated with a higher degradation rate in the reference pure culture PHAs 
compared to the mixed culture PHAs as quantified by GPC analysis (Figure 9.5). 
Time (min)




















Figure 9.5. Inverse of weight average molecular weight () relative to initial molecular weight 
() 
An unexpected initial drop in the slope for the MC-PHA2 material indicated that it apparently 
degraded at a higher rate in the short term. However, a second analysis of the raw NIR 
spectra revealed that there was not a consistent degradation trend in the sample within the 
first 20 minutes. Instead, the apparent changes can be attributed to inhomogeneous mixing 
inside the processing chamber. The first acquired data showed a remarkable spectral 
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variability in the early minutes but later the spectra recovered their similarities to the original 
sample. This degree of variability was not observed for the other samples. To improve the 
reliability of the use of near-IR in early stage degradation, such mixing effects should be 
eliminated where possible. 
 Impact of 3HV content in PHA thermal degradation  9.3.3
The similar thermal degradation profiles for mixed culture PHAs shown in Figure 9.4 are 
more likely due to the presence of impurities or blend composition rather than differences in 
3HV content. For instance, comparable content of organic impurities such as biomass 
residuals might be present in both samples. Moreover, it has been proven that mixed culture 
PHA used in this study exhibited very similar mechanical properties despite the diversity in 
their monomer composition and distribution (Arcos-Hernández et al. 2013). Therefore 
rheology performance is expected to be comparable which eventually could affect their 
thermal stability.  
Increasing the length of the co-monomer side chains can improve the toughness and 
elongation properties of PHAs, but PHV has been found to reduce its molecular weight at a 
faster rate compared with PHB during thermal treatment at 190 °C (Nguyen et al. 2002), 
since the ethyl group in 3HV monomers have a stronger electron-donating compared to the 
methyl one in 3HB. Figure 9.5 shows that material MC-PHA1 (36 % mol 3HV) degrades 
faster than material MC-PHA2 (7 % mol 3HV). However, the relatively higher thermal 
stability of mixed culture PHA in this study is not really attributed to the polymer 




 Correlation between NIR and 1H NMR  9.3.4
Near Infrared spectroscopy and nuclear magnetic resonance spectroscopy have been used 
previously to quantify the residual unsaturation of polymers (Durbetaki and Miles 1965). The 
spectral region between 4300 and 6200 cm-1 was used to generate a PLS model (Table 9.4) in 
order to predict the C-H groups present in the degradation products: PHA oligomers, trans-
crotonic acid, cis-crotonic acid. The C-H groups in the polymer chain were measured by 1H 
NMR and compared with C-H groups present in the crotonic terminal groups (Ariffin et al. 
2008). Figure 9.6 shows that prediction by NIR of the generation of these groups matched 
quantification by 1H NMR, thereby demonstrating that NIR is reliable for monitoring the 
generation of these degradation products. 
Using a broader spectral region instead of using the peak region containing the 5160 cm-1 
band (5000-5300 cm-1) corresponding to second overtone of C=O (esters) resulted in higher 
regression coefficients. 
Table 9.4. Summary of the PLS calibration results 
 Samples  Factors  R2 RMSEC RMSECV 
%Degradation 
(1H-NMR) 




*Cross validation: contiguous block w/ 10 splits  
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Fraction of C-H groups in degradation products measured by 1H NMR 



















































Figure 9.6. Plot of measured versus predicted percentage of degradation by 1H-NMR. All 
materials were included R2=0.98 
 Thermal degradation assessment of PHA during processing 9.3.5
In order to validate the observed higher thermal stability of these mixed culture PHAs 
compared with the reference commercial materials, Gel permeation chromatography was 
carried out to determinate molecular weight in degraded samples. A rapid decrease in 
molecular weight during thermal treatment suggests random chain scission as degradation 
mechanism, in line with literature expectations (Kunioka and Doi 1990). A plot of the ratio of 
inverse of the weight average molecular weight (
wM ) at time t compared to the initial weight 
average molecular weight at time 0 ( 0wM ) (Figure 9.5) showed that the commercial reference 
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PHA (TianAn and pure culture PHB) experienced a faster decrease in molecular weight 
compared with the samples of mixed culture PHA. The addition of the plasticiser, glycerol, 
did not result in a significant change in rate of molecular weight loss. 
Thermal degradation processes of polyesters are influenced by factors such as molecular 
weight of sample, moisture, hydrolysed monomers and oligomers, chain end structure, and 
residual metals (Kim et al. 2008). The quality and processability of a PHA with respect to 
thermal stability may be less inherent to the PHA and more related to the methods of the 
PHA recovery that may include strategic methods to reduce the inorganic content, which has 
been shown to significantly influence PHA thermal stability as described in Werker et al. 
(2012). Thus the biomass acid pre-treatment is known improve the quality of the recovered 
PHA. The outcome of the present investigation is not to say that a pure or a mixed culture 
PHA is better or worse than the other. What seems to be more important to the material 
quality for processing is not the absolute purity of the material, nor the source of the PHA 
recovered from a biomass, but rather the kind of impurity remaining even at very minor 
fractions of the material composition. Additives are often used to positively influence the 
thermal stability of a compounded PHA during melt processing. The costs and trade-offs in 
material properties (such as molecular weight) in compounding those additives into the 
material must be weighed against the costs of elimination of selected impurities directly 
during polymer recovery from a biomass. 
Challenges and niche opportunities for engineering applications for biopolymers such as a 
PHA may be very much related to ease of processing. Care must be taken in drawing hard 
conclusions on processing properties of a PHA given that such properties may not be 
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attributed to the polymer per se but to the artefact of the biomass source, the downstream 
processing of that biomass, and method of polymer recovery and purification. 
Notwithstanding, for a given PHA, processing windows and times are nevertheless expected 
to be tight and on-line methods for real time feedback with respect to material and product 
quality assurance and production control automation are likely to be required. To this end 
NIR spectroscopy was found to be a relevant measurement approach for monitoring PHA 
material quality during processing. 
 Conclusions 9.4
NIR spectroscopy has been reported in the polymer industry as a robust tool for in-line 
monitoring of extrusion processes. The present investigation suggests that NIR monitoring 
can provide timely and important process feedback regarding PHA quality during melt-
processing. With the benefit of post assessment data of the material quality during melt 
processing, the NIR spectra can be calibrated by means of multivariate statistical models to 
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 General conclusions and perspectives 10
 Conclusions 10.1
This thesis integrates the fundamentals of biotechnology and polymer science to provide new 
insights into PHA metabolism in mixed cultures, through development of an understanding of 
the effects of carbon source feeding strategy and composition on the monomer composition 
and sequence distribution. The chemomechanical properties of PHA are somewhat 
unpredictable due to the complexities of biosynthesis and the resulting blended products that 
form. It is necessary to develop better control strategies during biosynthesis and to identify 
the impacts of downstream processing on the final polymer properties to fully capitalise on 
this technology; this thesis seeks to address some knowledge gaps in tackling that problem. 
Firstly, metabolic flux and microbial population characterisation tools were used to 
investigate the factors controlling PHA composition in mixed cultures. Experimental data 
generated during PHA accumulation processes was used to determine the unknown 
intracellular reaction rates of PHBV copolymer formation with concurrent cell growth using 
an existing reduced metabolic network and an extended network developed in the present 
study. The microbial population composition was characterised using molecular techniques. 
The main conclusions from these studies are: 
- Dynamic behaviour was observed for both the active biomass production rate and the 
instantaneous 3HV content under most accumulation conditions and these changes 
were not adequately described by existing metabolic models. 
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- According to MFA results, an alternating feeding strategy resulted in constant 
instantaneous 3HV content, despite the decarboxylation rate increasing with time.  
- A better description of the 3HB:3HV fluctuations relative to active biomass growth 
needs a more detailed metabolic network. Previous published networks have only 
been applied to mixtures of VFA under limiting cell growth conditions. The model 
presented in this thesis copes with the existence of three different pathways for the 
generation of the reductive power (NADPH) that control growth and storage 
functions. 
- Flux balance analysis predictions were found to be very sensitive to slight changes in 
flux distributions. 
- Elementary mode analysis enabled identification of the key cellular processes during 
PHA synthesis and active biomass growth under different accumulation scenarios. 
Through this analytical approach, the most effective pathways for energy production 
(ATP) and reductive power generating (NADPH) were identified. 
- Population dynamics also play a critical role in the efficiency of PHA storage. The 
microbial population in the PHA enrichment reactor kept its PHA storage capacity 
despite changes in the reactor cycles and microbial community. There were also slight 
changes in the community in the PHA accumulation reactor over the PHA 
accumulation cycle; the effects of these changes need to be studied in further detail. 
Overall, two perspectives were considered to explain the dynamic PHBV copolymer 
composition. (i) the biomass acting as a single population, with dynamic metabolic state 
controlling composition and (ii) the biomass being made up of multiple populations, each 
with varying affinities for different substrates. The results show that neither should be 
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ignored when simultaneous growth and storage take place, but that the dynamic metabolic 
state likely plays a greater role for the range of substrates and feeding strategies tested. 
This thesis is also set in context of the polymer science of the resulting PHBV copolymeric 
products. The effect of different extraction methods, as well as comprehensive polymer 
characterisation and thermal degradation assessments were carried out to advance the 
material science of mixed culture PHA. The main outcomes are outlined below: 
- Polymer extraction using non-chlorinated solvents was found to be comparable to 
chloroform based extraction and resulted in high yields for most of the accumulation 
runs. Diverse polymers with differing copolymer compositions and compositional 
distributions were produced, as established by means of 13C NMR spectroscopy and 
DSC thermal analysis. The molecular weights of the materials were within the range 
of typical values reported in the literature for similar systems. However, a broader 
PDI was obtained in some cases, which can be explained by the long term 
accumulation or effect of growth on molecular weight distribution. Further studies 
will clarify this outcome. 
- The pre-treated mixed culture PHAs were found to be more thermally stable when 
compared with the commercial pure culture PHAs as demonstrated using NIR and 1H 
NMR spectroscopy and GPC. 
- Near-Infrared spectroscopy can be coupled with multivariate statistical models to 




 Recommendations for future research 10.2
- Further research is required to consolidate the current outcomes and contribute further 
to understand and modelling of mixed culture PHA production: To obtain a better 
understanding of the unknown metabolic pathways in microbial mixed cultures, more 
rates need to be measured (CO2) in order to elucidate the complete metabolic 
pathways. Metabolic flux analysis (MFA) can also be coupled with a statistical model 
to produce a model to further link PHA biopolymer and active biomass fluxes to the 
system stoichiometry more accurately than a traditional MFA model. A hybrid model 
could find the underlying variables which are not completely defined in a 
stoichiometric model alone. However, this kind of model requires extensive 
experimental data and complete carbon balances. 
- Flux Balance Analysis (FBA) is a useful tool to predict and analyse microbial 
metabolic networks. However, it only accounts for a particular steady state of the 
system and it was shown to have a high sensitivity to the objective function even in 
dynamic frameworks. In order to include FBA tools into a dynamic model it is 
necessary to develop new approaches for defining the FBA objective function in 
studies where there is a balance between growth and storage of external carbon 
source. This dynamic flux constraints method could give better predictions than a 
terminal-type objective function. 
- Elementary mode analysis (EMA) has a broad application potential. The selection of a 
reduced set of elementary modes, which captures all observed metabolic behaviour, 
has been used for the development of hybrid models with highly predictive power for 
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the case of pure cultures. A similar approach could be applied for mixed cultures in 
order to account for the multiple cellular physiological states. 
- With respect to the further objectives of coupling an understanding of metabolic 
processes with final polymer material properties and processing, the following 
additional recommendations can be made: 
- Mixed culture PHAs as-produced are frequently composed of blends of copolymers 
with different properties and molecular weights, likely depending on the degree of 
enrichment of the culture and other accumulation conditions. Models that integrate 
different cellular physiological that produce distinct copolymers, polymer chain 
growth kinetics and process parameters would enable the production of polymers with 
advantageous and predictable properties.  
- More efforts should be made in terms of rapid characterisation of polymer 
composition and properties and in-line monitoring during downstream processing. 
Vibrational spectroscopy (NIR) can be exploited for future studies in order to 
determine the polymer extraction purity, molecular weight loss, and crystallisation 
kinetics. As a further recommendation, the development of rapid, small-scale 
characterisation tools that can differentiate between different monomer units (such as 
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Figure A1. Experimental data for PHA fraction and relative active biomass production; (a) Experimental set 1: 100% acetic acid; (b) Experimental 
set 2: 100% propionic acid. , – PHA fraction respect to active biomass concentration fPHA (PHA/X). , – Active biomass concentration respect 







Figure A2. NADH generated and consumed at different stages of culture obtained by metabolic 





Table B1. Yields calculated from Elementary Mode Analysis  









1 -0.67 -0.33 0.00 0.71 0.00 0.86 0.43 1.33 
2 0.00 -1.00 0.00 0.56 0.00 1.78 1.44 0.89 
3 -1.00 0.00 0.67 0.00 0.00 1.00 0.50 1.33 
4 0.00 -1.00 0.44 0.00 0.00 2.33 2.00 0.83 
5 -0.67 -0.33 0.00 0.71 0.00 0.71 0.29 1.33 
6 0.00 -1.00 0.00 0.56 0.00 1.67 1.33 0.89 
7 -1.00 0.00 0.67 0.00 0.00 0.83 0.33 1.33 
8 0.00 -1.00 0.44 0.00 0.00 2.22 1.89 0.83 
9 0.00 -1.00 0.00 0.83 0.00 0.50 0.17 1.00 
10 -0.61 -0.39 0.00 0.81 0.00 0.42 0.00 1.78 
11 -0.43 -0.57 0.00 0.83 0.00 0.39 0.00 1.50 
12 -1.00 0.00 0.78 0.00 0.00 0.50 0.00 1.78 
13 -0.86 -0.14 0.80 0.00 0.00 0.47 0.00 1.50 
14 -0.63 -0.38 0.00 0.79 0.00 0.42 0.00 1.60 
15 -0.33 -0.67 0.00 0.83 0.00 0.37 0.00 1.33 
16 -1.00 0.00 0.75 0.00 0.00 0.50 0.00 1.60 
17 0.00 -1.00 0.67 0.00 0.00 1.33 1.00 0.80 
18 -0.50 -0.50 0.80 0.00 0.00 0.60 0.20 1.00 
19 -0.78 -0.22 0.80 0.00 0.00 0.45 0.00 1.33 
20 -1.00 0.00 0.00 0.00 0.00 3.50 3.00 1.00 
21 0.00 -1.00 0.00 0.00 0.00 4.00 3.67 0.86 
22 -0.62 -0.38 0.00 0.79 0.00 0.46 0.00 1.73 
23 -1.00 0.00 0.76 0.00 0.00 0.55 0.00 1.73 
24 -0.58 -0.42 0.00 0.80 0.00 0.45 0.00 1.69 
25 -0.62 -0.38 0.00 0.80 0.00 0.46 0.00 1.73 
26 0.00 -1.00 0.00 0.00 0.67 1.28 0.00 0.82 
27 -0.97 -0.03 0.77 0.00 0.00 0.54 0.00 1.69 
28 -0.54 -0.46 0.00 0.00 0.64 1.27 0.00 0.98 
29 -0.68 -0.32 0.00 0.00 0.62 1.27 0.00 1.04 
30 -1.00 0.00 0.76 0.00 0.00 0.54 0.00 1.73 
31 0.00 -1.00 0.00 0.77 0.00 0.74 0.33 1.00 
32 -0.12 -0.88 0.00 0.85 0.00 0.37 0.00 1.17 
33 -0.20 -0.80 0.00 0.82 0.00 0.44 0.00 1.25 
34 -0.63 -0.37 0.00 0.78 0.00 0.45 0.00 1.60 
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35 0.00 -1.00 0.00 0.47 0.29 0.81 0.00 0.92 
36 0.00 -1.00 0.20 0.00 0.51 1.09 0.00 0.83 
37 0.00 -1.00 0.00 0.00 0.65 1.28 0.00 0.83 
38 0.00 -1.00 0.62 0.00 0.00 1.51 1.10 0.83 
39 0.00 -1.00 0.00 0.00 0.64 1.33 0.06 0.83 
40 -0.61 -0.39 0.82 0.00 0.00 0.44 0.00 1.17 
41 -0.66 -0.34 0.79 0.00 0.00 0.53 0.00 1.25 
42 -0.04 -0.96 0.00 0.00 0.65 1.28 0.00 0.84 
43 -1.00 0.00 0.74 0.00 0.00 0.53 0.00 1.60 
44 -1.00 0.00 0.00 0.00 0.56 1.27 0.00 1.21 
45 -0.64 -0.36 0.00 0.76 0.00 0.50 0.00 1.60 
46 -1.00 0.00 0.72 0.00 0.00 0.59 0.00 1.60 
47 -1.00 0.00 0.00 0.00 0.54 1.27 0.00 1.21 
48 -0.91 -0.09 0.00 0.00 0.58 1.27 0.00 1.16 
49 -1.00 0.00 0.00 0.00 0.57 1.25 0.00 1.21 
50 0.00 -1.00 0.00 0.71 0.00 0.98 0.57 0.96 
51 -0.34 -0.66 0.00 0.81 0.00 0.46 0.00 1.36 
52 -0.63 -0.37 0.00 0.78 0.00 0.46 0.00 1.60 
53 0.00 -1.00 0.57 0.00 0.00 1.69 1.29 0.84 
54 0.00 -1.00 0.00 0.00 0.47 2.03 1.01 0.85 
55 -0.77 -0.23 0.77 0.00 0.00 0.54 0.00 1.36 
56 -0.60 -0.40 0.00 0.00 0.59 1.28 0.00 1.02 
57 -1.00 0.00 0.74 0.00 0.00 0.54 0.00 1.60 
58 -1.00 0.00 0.00 0.00 0.56 1.22 0.00 1.18 
59 -0.89 -0.11 0.00 0.27 0.39 0.97 0.00 1.27 
60 0.00 -1.00 0.00 0.00 0.46 2.29 1.37 0.83 
61 0.00 -1.00 0.00 0.00 0.69 1.22 0.00 0.79 
62 -0.63 -0.37 0.00 0.00 0.58 1.56 0.41 0.98 
63 -0.57 -0.43 0.00 0.00 0.65 1.24 0.00 0.97 
64 -0.75 -0.25 0.00 0.00 0.55 1.58 0.43 1.03 
65 -0.91 -0.09 0.00 0.00 0.60 1.24 0.00 1.15 
66 -1.00 0.00 0.23 0.00 0.41 1.02 0.00 1.27 
67 -0.02 -0.98 0.00 0.73 0.11 0.48 0.00 0.97 
68 -0.83 -0.17 0.00 0.39 0.28 0.82 0.00 1.29 
69 0.00 -1.00 0.00 0.71 0.13 0.50 0.00 0.94 
70 0.00 -1.00 0.32 0.00 0.44 0.90 0.00 0.76 
71 0.00 -1.00 0.00 0.00 0.68 1.20 0.00 0.79 
72 0.00 -1.00 0.00 0.00 0.42 2.44 1.58 0.83 
73 0.00 -1.00 0.00 0.00 0.42 2.30 1.44 0.83 
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74 -0.45 -0.55 0.68 0.00 0.13 0.56 0.00 0.97 
75 -0.86 -0.14 0.00 0.00 0.58 1.21 0.00 1.10 
76 -1.00 0.00 0.34 0.00 0.31 0.89 0.00 1.29 
77 -1.00 0.00 0.00 0.00 0.50 1.62 0.49 1.14 
78 -0.92 -0.08 0.00 0.00 0.52 1.61 0.47 1.10 
79 -1.00 0.00 0.00 0.00 0.58 1.24 0.00 1.20 
80 -1.00 0.00 0.00 0.00 0.54 1.44 0.26 1.16 
81 0.00 -1.00 0.00 0.00 0.36 2.65 1.86 0.84 
82 0.00 -1.00 0.00 0.00 0.36 2.53 1.74 0.84 
83 -1.00 0.00 0.00 0.00 0.56 1.21 0.00 1.18 
84 -1.00 0.00 0.00 0.00 0.54 1.30 0.11 1.16 
85 0.00 -1.00 0.00 0.71 0.13 0.50 0.00 0.94 
86 -0.98 -0.02 0.00 0.04 0.56 1.19 0.00 1.21 
87 -0.66 -0.34 0.00 0.00 0.55 1.68 0.56 0.98 
88 -0.78 -0.22 0.00 0.00 0.53 1.69 0.58 1.03 
89 -0.59 -0.41 0.00 0.00 0.66 1.23 0.00 0.97 
90 0.00 -1.00 0.00 0.00 0.43 2.41 1.55 0.83 
91 0.00 -1.00 0.00 0.00 0.39 2.55 1.72 0.83 
92 0.00 -1.00 0.00 0.00 0.70 1.21 0.00 0.78 
93 -1.00 0.00 0.03 0.00 0.56 1.20 0.00 1.21 
94 -0.99 -0.01 0.00 0.00 0.59 1.23 0.00 1.19 
95 -1.00 0.00 0.00 0.00 0.59 1.23 0.00 1.20 
96 0.00 -1.00 0.00 0.71 0.13 0.49 0.00 0.95 
97 0.00 -1.00 0.00 0.71 0.13 0.50 0.00 0.94 
98 0.00 -1.00 0.01 0.70 0.13 0.50 0.00 0.94 
99 -0.90 -0.10 0.00 0.24 0.39 0.96 0.00 1.23 
100 0.00 -1.00 0.00 0.00 0.39 2.39 1.57 0.83 
101 -0.42 -0.58 0.66 0.00 0.15 0.58 0.00 0.94 
102 0.00 -1.00 0.00 0.00 0.69 1.19 0.00 0.78 
103 0.00 -1.00 0.33 0.00 0.44 0.88 0.00 0.76 
104 -1.00 0.00 0.20 0.00 0.41 1.01 0.00 1.23 
105 -0.94 -0.06 0.00 0.00 0.57 1.20 0.00 1.14 
106 -1.00 0.00 0.00 0.00 0.56 1.20 0.00 1.18 
107 -1.00 0.00 0.00 0.00 0.48 1.72 0.62 1.12 
108 -0.93 -0.07 0.00 0.00 0.50 1.71 0.60 1.09 
109 0.00 -1.00 0.00 0.00 0.35 2.73 1.96 0.84 
110 -1.00 0.00 0.00 0.00 0.52 1.55 0.41 1.14 
111 0.00 -1.00 0.00 0.00 0.35 2.59 1.82 0.84 
112 -1.00 0.00 0.00 0.00 0.52 1.38 0.24 1.14 
f 
 









113 -0.93 -0.07 0.00 0.17 0.46 1.06 0.00 1.24 
114 0.00 -1.00 0.00 0.00 0.44 2.35 1.46 0.83 
115 0.00 -1.00 0.00 0.00 0.70 1.21 0.00 0.78 
116 -0.65 -0.35 0.00 0.00 0.56 1.62 0.49 0.98 
117 -0.58 -0.42 0.00 0.00 0.66 1.24 0.00 0.97 
118 -0.77 -0.23 0.00 0.00 0.54 1.64 0.51 1.03 
119 -0.95 -0.05 0.00 0.00 0.59 1.24 0.00 1.17 
120 -1.00 0.00 0.14 0.00 0.48 1.10 0.00 1.24 
121 -0.01 -0.99 0.00 0.72 0.12 0.49 0.00 0.95 
122 -0.86 -0.14 0.00 0.33 0.33 0.88 0.00 1.26 
123 0.00 -1.00 0.00 0.71 0.13 0.49 0.00 0.94 
124 0.00 -1.00 0.33 0.00 0.44 0.89 0.00 0.76 
125 0.00 -1.00 0.00 0.00 0.68 1.20 0.00 0.79 
126 0.00 -1.00 0.00 0.00 0.40 2.50 1.65 0.83 
127 0.00 -1.00 0.00 0.00 0.40 2.35 1.50 0.83 
128 -0.44 -0.56 0.67 0.00 0.14 0.57 0.00 0.95 
129 -0.90 -0.10 0.00 0.00 0.58 1.21 0.00 1.12 
130 -1.00 0.00 0.28 0.00 0.35 0.94 0.00 1.26 
131 -1.00 0.00 0.00 0.00 0.49 1.67 0.55 1.13 
132 -0.93 -0.07 0.00 0.00 0.51 1.66 0.54 1.09 
133 -1.00 0.00 0.00 0.00 0.58 1.24 0.00 1.20 
134 -1.00 0.00 0.00 0.00 0.53 1.50 0.33 1.15 
135 0.00 -1.00 0.00 0.00 0.35 2.69 1.91 0.84 
136 0.00 -1.00 0.00 0.00 0.35 2.56 1.78 0.84 
137 -1.00 0.00 0.00 0.00 0.56 1.21 0.00 1.18 
138 -1.00 0.00 0.00 0.00 0.53 1.34 0.18 1.15 
139 -0.86 -0.14 0.00 0.34 0.34 0.90 0.00 1.30 
140 0.00 -1.00 0.00 0.00 0.47 2.22 1.28 0.83 
141 0.00 -1.00 0.00 0.00 0.69 1.22 0.00 0.79 
142 -0.61 -0.39 0.00 0.00 0.59 1.50 0.32 0.98 
143 -0.57 -0.43 0.00 0.00 0.65 1.25 0.00 0.97 
144 -0.74 -0.26 0.00 0.00 0.57 1.52 0.35 1.03 
145 -0.87 -0.13 0.00 0.00 0.60 1.25 0.00 1.13 
146 -1.00 0.00 0.29 0.00 0.36 0.97 0.00 1.30 
147 -0.02 -0.98 0.00 0.74 0.10 0.47 0.00 0.98 
148 -0.81 -0.19 0.00 0.44 0.25 0.77 0.00 1.31 
149 0.00 -1.00 0.00 0.70 0.13 0.51 0.00 0.94 
150 0.00 -1.00 0.31 0.00 0.45 0.91 0.00 0.77 
151 0.00 -1.00 0.00 0.00 0.68 1.21 0.00 0.79 
g 
 









152 0.00 -1.00 0.00 0.00 0.43 2.38 1.50 0.83 
153 0.00 -1.00 0.00 0.00 0.43 2.25 1.36 0.83 
154 -0.46 -0.54 0.69 0.00 0.12 0.55 0.00 0.98 
155 -0.82 -0.18 0.00 0.00 0.59 1.22 0.00 1.08 
156 -1.00 0.00 0.38 0.00 0.27 0.85 0.00 1.31 
157 -1.00 0.00 0.00 0.00 0.51 1.57 0.42 1.15 
158 -0.92 -0.08 0.00 0.00 0.53 1.56 0.40 1.11 
159 -1.00 0.00 0.00 0.00 0.58 1.24 0.00 1.20 
160 -1.00 0.00 0.00 0.00 0.55 1.38 0.18 1.18 
161 0.00 -1.00 0.00 0.00 0.37 2.61 1.81 0.84 
162 0.00 -1.00 0.00 0.00 0.37 2.50 1.70 0.84 
163 -1.00 0.00 0.00 0.00 0.56 1.22 0.00 1.18 
164 -1.00 0.00 0.00 0.00 0.55 1.25 0.04 1.18 







Figure B1. Relationship between active biomass yield per Cmmol of VFA consumed and active 
biomass yield per mol of O2. Black oval encloses the modes with the highest biomass yield with 
no ATP produced in excess. Dotted oval contains the modes combining active biomass synthesis 
and efficient energy production, as ATP in excess was produced. Points inside the blue oval 
represent the modes which had a good biomass yield and the highest energy production yields. 
Points inside the purple oval represent the modes that produce a higher PHA yield compared 
with active biomass. Orange cluster are modes that produce a higher active biomass yield 
compared with PHA. 
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